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 Inclusion of feed coproducts in dairy diets is a common strategy used to reduce 
the cost of producing milk. The corn ethanol industry produces a coproduct namely 
distillers dried grains with solubles (DDGS) which could be of high value to the dairy 
industry because of its high concentration of protein and energy. Under the feeding 
regimes in the U.S., Lys and Met are recognized as the two most limiting amino acids 
(AA) for milk protein synthesis. Similar to corn, DDGS  is limiting in Lys but not Met. 
Thus, high inclusions of DDGS have not been favored in the field as milk protein could 
potentially be compromised. However, only a few studies in the literature have reported 
negative impacts on milk protein when diets containing high inclusions of DDGS were 
fed to dairy cows. Five experiments were conducted with the objectives to compare the 
AA composition and ruminal and intestinal digestion of AA of DDGS to traditional 
protein supplements, evaluate the effects of feeding DDGS on milk yield and 
composition, evaluate the effects of supplementation of rumen protected Lys to diets 
containing DDGS on milk yield and composition, and evaluate the effects of feeding 
DDGS on essential AA supply and utilization with emphasis on Lys. Compared to 
soybean meal, DDGS had a lower concentration of Lys in the rumen-undegradable 
protein, 6.08 and 2.13% , respectively. Digestibility of the rumen-undegradable protein in 
 
 
 
DDGS was estimated to be around 90%. Despite a decrease in the supply of Lys as 
assessed by a decrease in the concentration of Lys in plasma, diets with DDGS up to 20% 
of the DM still deliver sufficient amounts of metabolizable Lys to maintain milk protein 
synthesis. However, increasing the inclusion of DDGS to 30% resulted in an insufficient 
supply of metabolizable Lys and compromised milk protein synthesis. Supplementation 
of rumen protected Lys was observed to be beneficial when metabolizable Lys provided 
by the diet was not adequate to meet the demands. When feeding high amounts of DDGS, 
Lys, Met, and Arg were observed to be the first three limiting AA.
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CHAPTER I 
Introduction 
Lysine (Lys) is a diamino acid (α- and ε-amino groups) with a basic side chain 
that occurs naturally as an L-isomer (Figure 1). Lysine can be synthesized by both plants 
and bacteria from aspartate through the diaminopimelate pathway (Azevedo et al., 2006; 
Fan et al., 2010) and by fungi from α-ketoglutarate thorough the α-aminoadipate pathway 
(Nishida and Nishiyama, 2000); however, these pathways are absent in mammals. 
Additionally, mammals do not possess a transaminase that can convert the α-keto 
analogue of Lys, α-keto-ε-aminocaproic acid, into L-Lys which eliminates the alternative 
of supplementing diets with D-Lys (Friedman and Levin, 2012) or α-keto-ε-aminocaproic 
acid (Baker, 1986). Consequently, Lys is nutritionally classified as an essential amino 
acid.  
Lysine main function is as a substrate for protein synthesis. In chromosomes, Lys 
is found in high concentration in histones (Kinkade, 1969). Histones are proteins that 
associate with DNA to form nucleosomes, main subunits of chromatin, and aid in the 
compaction of DNA (Wolffe, 1991). Modifications such as methylation or acetylation of 
the Lys residues in histones result in the activation or repression of the transcription of 
genes (Martin and Zhang, 2005). In mammalian tissue, Lys is found in major proteins 
such as collagen and elastin (Reiser et al., 1992). Pathways that involve the formation of 
aldehydes from Lys or hydroxylysine residues in collagen and from Lys residues in 
elastin are crucial in the formation of cross-links that give these proteins their structural 
properties (Eyre et al., 1984). Another important function of Lys is to serve as the carbon 
backbone for carnitine synthesis (Vaz and Wanders, 2002). Inside the cell, the carnitine 
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shuttle system permits long-chain fatty acids to gain access from the cytosol into the 
mitochondrial matrix where β-oxidation occurs and energy is generated. Carnitine is also 
involved in peroxisomal fatty acid oxidation, branched-chain amino acids (AA) oxidation 
and the removal of acyl groups in urine (Hoppel, 2003).  
In dairy nutrition, Lys is an important nutrient and it represents 16.0% (NRC, 
2001) of the total essential AA contained in milk. Lysine is generally identified as the 
first limiting AA in diets fed to lactating dairy cows that contain high inclusion of corn or 
corn coproducts such as distillers dried grains with solubles (DDGS) (Schingoethe et al., 
2009). The rise of the grain-ethanol industry has resulted in a dramatic increase in the 
availability of DDGS. This feed ingredient is characterized by a high concentration of CP 
(30% of DM) and energy (2.26 Mcal/kg of NEL) (Schingoethe et al., 2009), but low 
concentration of Lys (1.86% of RUP) (Kelzer et al., 2010). Furthermore, heat applied 
during the process of DDGS can reduce the bioavailability of Lys through Maillard 
reactions. Despite low levels of metabolizable Lys coming from DDGS, only a few 
studies (Owen and Larson, 1991; Kleinschmit et al., 2006; Mjoun et al., 2010b) have 
reported negative impacts on milk protein when feeding DDGS. Conversely, positive 
impacts on milk protein when feeding DDGS have been observed (Mjoun et al., 2010a). 
As the cost of feeds that have traditionally been used for energy and protein continues to 
increase there is a need to understand the potential impact of replacing these feeds with 
DDGS on milk yield and composition.  
The overall objectives of the research presented in this dissertation were to 1) 
evaluate the rumen degradation and intestinal digestibility of AA in DDGS 2) evaluate 
the effects of feeding DDGS on milk yield and composition, 3) evaluate the effects of 
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supplementation of rumen protected Lys in diets containing DDGS on milk yield and 
composition, 4) evaluate the effects of feeding DDGS on essential AA supply and 
utilization with emphasis on Lys. 
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CHAPTER II 
Review of literature
‡ 
‡
A meta-analytical approach was taken to develop this literature review. Portion of this 
review have been accepted for publication in the Canadian Journal of Animal Science 
under the title: Invited Review: Ethanol coproducts for dairy cows: there goes our 
starch... now what? Manuscript ID: CJAS2013-048 
 
Chemical composition of distillers grains with solubles (DG) 
The dry milling industry produces the following feed products: distillers grains, 
dried DG, and distillers solubles. Corn contains approximately 71 starch which serves as 
the driving substrate of the grain-ethanol production through a process known as dry 
milling (NRC, 2012). The dry milling process is relatively simple. Specifically, the starch 
source is ground, cooked with added amylase, and fermented with added yeast cultures. 
In the process the starch is converted to ethanol and CO2. The remaining whole stillage 
contains the non-volatile organic and inorganic material. This material undergoes 
centrifugation producing both a liquid and solid fraction which are known as thin stillage 
and wet distillers grains. A portion of the thin stillage may be recycled to the front end of 
the milling process and a portion is also concentrated to produce condensed distillers 
solubles. Depending on the plant, and whether it is producing a wet or dry feed, the 
proportion of distillers grains and distillers solubles that are mixed together and sold as 
DG may vary . Corrigan et al. (2009) studied a range of reported mixtures of distillers 
grains and condensed distillers solubles and the upper end of condensed distillers solubles 
added to the distillers grains to produce dried DG was 22% of the DM. With much of the 
starch removed during fermentation, DG are higher in protein, fat, fiber, and minerals 
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than that of the original grain. In the case of corn, the concentrations are generally 
increased threefold. Table 2.1 lists the chemical composition of dried DG reported by a 
commercial laboratory (Dairy One, Ithaca, NY). It is important to note that a portion of 
these samples may originate from beverage production and some may have used grains 
such wheat, sorghum, or triticale as the original feed but that the majority are likely from 
corn-fuel ethanol production plants. Data in Table 2.1, outline that generally dried DG are 
high in CP (31.2 ± 4.28%), NDF (34.1 ± 4.85 %), and fat (12.4 ± 3.19%) and relatively 
low in starch (5.28 ± 4.02).  
Protein and amino acids (AA). Proteins may be characterized by their solubility 
in specific solvents. Approximately 45-50% of the protein in corn is soluble in 95% 
ethanol and called zein. Remaining protein fractions include albumins, globulins and 
glutelins (Shukla and Cheryan, 2001). While a portion of zein protein remaining in DG 
may be degraded by rumen microbes, McDonald (1954) observed that 40% was not 
degraded, namely rumen undegradable protein (RUP), and passed out of the rumen and 
flowed to the small intestine where it was available for digestion and absorption. It has 
long been known that the protein in DG is highly digestible (Britton et al., 1986). In using 
an in vivo approach involving yearling Angus heifers, Nakamura et al. (1994) observed 
that true N digestibility of DG was 98%. It should also be noted that despite the fact that 
the concentration of acid detergent insoluble nitrogen (ADIN) in forages has been 
observed to be negatively correlated with N digestibility (Yu and Thomas, 1976) this 
relationship has not been observed in DG (Britton et al., 1986). More recently Boucher et 
al. (2009a) evaluated the relationship between ADIN in feed and AA digestibility of the 
RUP and observed that only 45-65% of the variation in intestinal AA digestibility is 
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explained by differences in ADIN. Schwab et al. (2003) provided a review of analytical 
procedures used to evaluate the ruminal degradability of proteins contained in ruminant 
feeds. Briefly the concentration of RUP in feed has been determined through in vivo 
(Vanzant et al., 1996), in situ (Ørskov and McDonald, 1979) and in vitro 
(Krishnamoorthy et al., 1983; Poos-Floyd et al., 1985) methods. Table 2.2 lists a 
summary of studies and associated observations in which the ruminal disappearance of 
CP from corn grain-ethanol coproducts was estimated using either in situ or in vitro 
methods. If observations were generated using multiple time-points, data were fitted to 
one of two models (Ørskov and McDonald, 1979; McDonald, 1981). Additionally a 
number of studies reported ruminal disappearance using a fixed time (12, 16 or 24 h).  
These observations suggest that the degradability characteristics of protein contained in 
DG is variable (Aines et al., 1987) and this may be a result of a number of factors 
including production plant (Spiehs et al., 2002), degree of heat used to dry the feed 
(Kleinschmit et al., 2007a), amount of solubles added back to DG (Corrigan et al., 2009), 
and particle size. Additionally, variation in estimates may also be attributed to analytical 
procedures unique to each laboratory (NRC, 2001).  Using the parameters reported in 
each study we assumed a rate of passage of 5%/h and calculated RUP. When studies 
employed the model of Ørskov and McDonald (1979) mean RUP for corn dried DG was 
reported to be 47.4 ± 12.6 while when studies employed the lag model of McDonald 
(1981) mean RUP for corn dried DG was reported to be 53.4 ± 8.2 %. Across models, 
RUP for corn dried DG was observed to be 50.4 ± 10.4%. Compared to in situ, in vivo 
estimations of RUP are more expensive and time consuming (Vanzant et al., 1996), but it 
has also been suggested that the technique is superior because it involves exposure of the 
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feed to all of the biochemical processes in the digestive tract (Johnson, 1966). Recently 
we estimated the concentration of RUP in corn dried DG in vivo. To do so we fed steers 
increasing concentrations of corn dried DG while measuring the flow of microbial protein 
(Castillo-Lopez et al., 2013). In this study, estimate of residual duodenal CP flow of a 
zero control diet was subtracted from the estimate of residual duodenal CP flow of a 
treatment containing corn dried DG which replaced corn bran. Then duodenal RUP flow 
originating from corn bran was calculated and subtracted from residual duodenal CP of 
the zero control diet (not containing DG), this calculation was based on the assumption 
that the value of RUP in corn bran is 13% (Herold, 1999; Mass et al., 1999). The estimate 
of corn dried DG RUP determined in this experiment was computed to be 63.0 ± 0.64%. 
This observation supports the suggestion that in situ estimates of RUP in DG are 
underestimated and one likely source of this is small particle loss out of the bag which is 
assumed to be degraded completely in the rumen (Schwab et al., 2003).  
The dairy NRC (2001) assumes that intestinal digestibility of RUP (dRUP) in 
corn dried DG is 80%. Since this was published, the assumption has been tested in a 
number of recent studies (Table 2.3). Analytically speaking these studies can be grouped 
into three groups by technique. Firstly, the mobile bag technique (MB) in which a small 
sample of the feed is first incubated in the rumen and then directly inserted through a 
duodenal cannula into the small intestine and ultimately recovered in the manure 
(Hvelplund, 1985). Secondly, the three step in vitro procedure (TSP) which involves 
rumen incubation followed by pepsin and pancreatic digestion (Calsamiglia and Stern, 
1995). Thirdly, the modified three step in vitro procedure (MTSP) (Gargallo et al., 2006) 
which is similar to the TSP but does not include the use of trichloroacetic acid and 
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includes the use of a batch incubator. On average the dRUP in corn dried DG was 
observed to be 83.9 ± 10.5 %. This digestibility coefficient is similar to the NRC (2001) 
assumption of 80% but the reported estimates are also highly variable ranging from 59.2 - 
95.0%. The wide range of reported estimates of intestinal digestibility of RUP and the 
number of differing methods used to estimate it, illustrate the need for additional research 
investigating factors which influence the intestinal digestibility of RUP in ruminant feeds. 
Results in Table 2.3 also suggest differences in technique. On average the highest 
estimate of dRUP was observed when employing the MB (91.8 ± 2.10 %, n = 10) 
followed the MTSP (90.5 ± 2.92 %, n = 7) and the TSP (72.6 ± 7.67 %, n = 11). 
Analytically speaking the TSP and MTSP appear to be promising techniques to estimate 
dRUP because they do not require the use of cattle fitted with duodenal cannulas and may 
be used to analyze large numbers of samples rapidly and with precision. However the 
MB technique is the only technique that ensures that samples are exposed to all 
physiological digestive processes. It should also be noted that the TSP results in lower 
estimate in dRUP of DG compared to that observed in vivo (Britton et al., 1986; 
Nakamura et al., 1994; Boucher et al., 2009a, b). Although the MTSP yields higher 
estimates, modifications of the TSP were not designed to correct any downward bias but 
were to avoid the use of a corrosive and toxic acid (trichloroacetic acid) and to use batch 
incubator which would increase laboratory throughput. Neither of these modifications 
was biologically based. Thus to date validation of in vitro techniques remain limiting and 
although large datasets may be generated using the technique, application of these data 
for inputs to models such as the NRC (2001) remains questionable. Alternatively 
employing the mobile bag technique may be considered to be superior to other methods 
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because the feed tested is exposed to more animal factors. It should however be noted 
that samples contained in the mobile bag are exposed to hind gut fermentation and also 
isolated residues may be contaminated with microbial protein, thus future research should 
evaluate the extent to which these factors affect estimated in intestinal digestibility when 
using the technique.  
Table 2.4 outlines the amino acid (AA) composition of corn DG as well as the AA 
concentration of RUP from corn DG. Like corn, DG produced from corn is low in LYS 
and as a result it is often suggested to be a limiting AA on diets that rely heavily on corn-
based ingredients (Rulquin and Verite, 1993).  
Fiber and starch. The recently published Nutrient Requirements of Swine (NRC, 
2012) lists the NDF content of corn to be 10.3 ± 2.23 %. Compared to corn, DG produced 
from this feed contains a higher proportion of NDF. A recent study conducted by Li et al. 
(2012) evaluated the chemical composition of original grain and resulting DG. In the case 
of corn, the concentration of NDF in the resulting DG increased 20.6 percentage units 
(10.4 to 31.0%). Based on 48 h in vitro, fermentation of the NDF was highly digestible 
averaging 68.1%. In a similar study (Nuez-Ortin and Yu, 2009), the concentration of 
NDF in the resulting DG from corn increased 35 percentage units (14.5 to 49.5%). 
Additionally the NDF in the resulting DG was also highly digestible averaging 78.4% 
subsequent a 48 h in situ rumen fermentation. It should be noted that like estimating 
protein degradability in situ, using the method to estimate NDF degradability is also 
affected by error from small particle loss out of the bag which is assumed to be degraded 
completely in the rumen (Schwab et al. 2003). 
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The starch content of DG is low as this is the primary substrate used by the yeast 
for ethanol production. In studying the nutrient flow of the dry milling process, Han and 
Liu (2010) characterized the chemical composition of corn entering the process as well as 
the DG being produced. These investigators reported that on average corn contained 70% 
starch and it was reduced to 6% in DG. These estimates are similar to the ones reported 
by Li et al. (2012) who observed that the starch content of corn was 67% and was 
reduced to 5.7% in DG.  
Fat. In a study designed to evaluate the changes in lipid composition during the 
dry milling corn ethanol process, Moreau et al. (2011) observed that the concentration of 
fat in corn kernels averaged 3.43 ± 0.10% (as is basis) and this increased to 10.3 ± 1.13 % 
(as is basis) in the final coproduct, namely corn dried DG. Similarly, the concentration of 
total fatty acids was high in dried DG (9.13 ± 1.49%, as is basis) compared with corn 
kernels (2.28 ± 0.10%, as is basis). The concentration of sterols was similar between the 
two feed types, 1.79 ± 0.14 and 2.13 ± 0.47 % (as is basis) for dried DG and corn kernels 
respectively. In general, the fatty acid profile of corn dried DG is similar to that of corn in 
which linoleic acid (C18:2) is the predominant fatty acid, followed by oleic acid (C18:1). 
This is supported by data reported in Table 2.5 which outlines the fatty acid profile (DM 
basis) of a corn DG produced by a dry milling corn-ethanol plant located in Preston, MN. 
It should be noted that although traditional DG have frequently contained greater than 10% 
fat, more recently ethanol production facilities have added a centrifugation step to 
partially remove fat from DG. This fat is usually marketed to plants that utilize it for 
producing biodiesel (Kip Karges, personal communication  
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Energy. Energy requirements for maintenance and milk production are expressed 
in net energy for lactation (NEL) units. The current NRC (2001) publication outlining the 
nutrient requirements for dairy cattle calculates an NEL value on the total diet. Even 
though the energetic contribution of individual feeds is a function of other feeds included 
in the diet, there is interest in knowing the baseline NEL value of individual feeds 
because many formulation programs require NEL as a nutrient input. The energy content 
of corn DG, when replacing corn and soybean meal, has been evaluated using indirect 
calorimetry (Birkelo et al., 2004). In this study the NEL value for wet corn DG was 
observed to be 2.27 Mcal kg
-1
 and is 10-15% higher than that cited in the current NRC. 
Clearly the NEL value of DG may be variable and dependent on several factors including 
the chemical composition and the digestibility of the feed itself, the level of intake, and 
the nature of other ingredients fed to the animal. 
Lactation and dairy cows consuming DG 
A number of  meta-analytic studies have been published to summarize the effects 
of corn DG on milk production and milk composition (Kalscheur, 2005; Hollmann et al., 
2011a, b). Kalscheur et al. (2005) tested the effects of increasing the concentration of 
corn DG from 0, 4-10%, 10-20%, 20-30%, and > 30% of the diet DM. In this analysis 
increasing the inclusion of the feed from 0 to 20-30% of the diet DM resulted in an 
increasing effect on DMI but did not affect milk yield or the concentration of milk fat. In 
contrast increasing the inclusion of corn DG did increase the concentration of milk 
protein. However, feeding corn DG at concentrations greater than 30% of the diet DM 
resulted in a reduction in DMI, milk yield, and milk protein. In a more recent analysis 
Hollmann et al. (2011b) studied how the origin of CP in the diet may affect milk yield 
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and composition. The authors suggested that the essential AA content of corn based CP is 
of poor quality and as a result inclusion of corn DG in replace of other feeds results in a 
supply of AA that may not meet the needs of lactating dairy cattle. To evaluate this, 
investigators compared diets which contained corn DG to a zero control (i.e. contained no 
corn DG). On average the CP content of the control and treatments diets were 16.6 and 
16.8%. In the case of the control, 10.8% of the CP originated from sources other than 
corn while those containing corn DG had only 6.3% of the CP originating from sources 
other than corn. These authors noted that the concentration of milk protein increased 
when the proportion of non-corn CP increased from 0 to 6.5% of the CP and beyond that 
point no changes were observed.  
Meta-analytic evaluation of DG and lactation. Although the described meta-
analytic studies have proven very useful in understanding the nutritional value of corn 
coproducts, for this review we have also assembled similar datasets to further study the 
impact of these feeds on milk production and composition while also evaluating the 
predictability of the Dairy NRC (2001) model. More specifically, the objectives of this 
meta-analysis were to 1) evaluate the inclusion of corn DG on milk production and 
composition, 2) evaluate the relationships involving the inclusion of corn DG, the supply 
of Lys and Met, and milk protein, and 3) describe the error associated with MP and NEL 
allowable milk predictions of the NRC (2001) model when diets contain corn DG. To do 
so, a database was built upon peer reviewed articles published after 2001 that were 
related to dairy feeding experiments which included diets that contained at least one of 
the following corn milling coproducts: dried DG, high protein DG (HPDG), low fat DG 
(LFDG), and wet DG. In addition, articles had to report the ingredient composition of the 
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diets, dry matter intake (DMI), and milk yield (MY). If articles reported the percentage of 
particles retained in the screens of the Penn State Particle Separator (PSPS) (Heinrichs 
and Kononoff, 2002), the data was recorded but it was not a necessary criterion to be 
included in the analysis. Selection of publications after 2001 was set to capture articles 
that were not used to develop the latest version of the National Research Council (NRC, 
2001) model. Twenty-five articles (Al-Suwaiegh et al., 2002; Birkelo et al., 2004; 
Leonardi et al., 2005; Anderson et al., 2006; Carvalho et al., 2006; Kleinschmit et al., 
2006; Kleinschmit et al., 2007b; Greter et al., 2008; Janicek et al., 2008; Sasikala-
Appukuttan et al., 2008; Abdelqader et al., 2009; Hubbard et al., 2009; Kelzer et al., 2009; 
Mulrooney et al., 2009; Penner et al., 2009; Christen et al., 2010; Gehman and Kononoff, 
2010; Ranathunga et al., 2010; Swanepoel et al., 2010; Zhang et al., 2010; Mjoun et al., 
2010a, b; Robinson et al., 2011; Paz et al., 2013; Ramirez-Ramirez et al., 2012) were 
selected out of which, a total of 81 dietary treatments were fed, 23 diets did not include 
any corn DG coproduct (Control diets) and 58 diets contained at least one corn DG 
coproduct (DG diets). Out of the 58 DG diets, 41 included dried DG, 7 included HPDG, 6 
included wet DG, and 4 included LFDG. Diets supplemented with rumen protected Lys 
were not included in the database, these included two diets from Robinson et al. (2011) 
and two diets from Paz et al. (2013). Descriptive statistics of the ingredient composition, 
particle size distribution, and chemical composition of the Control and DG diets are 
shown in Table 2.6. From each article, data of the reported animal description, milk 
production and composition, ingredient composition of the diets, and chemical 
composition of the ingredients were entered into the NRC model (2001) to predict NEL 
and MP allowable milk production, Lys and Met flows, and concentration of Lys and Met 
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in MP (MP-Lys and MP-Met, respectively). Values reported by the NRC(2001) feed 
tables for the chemical and AA composition of forages and corn milling coproducts were 
used when these data were not reported. Lactational response variables were DMI, MY, 
and milk protein and fat concentrations. Within study, response was calculated as the 
difference between cows fed the DG diet and those fed Control diet (Hollmann et al., 
2011b). A positive response value favored inclusion of DG while a negative response 
value did not. A subset of data were used to determine the relationships between 
lactational response variables and the predicted Lys and Met flows and between the 
lactational response variables and MP-Lys and MP-Met. Data were restricted to diets 
where MP allowable milk was predicted to be lower than NEL allowable milk and where 
MP balance was between -350 and +60 g/d. The latter restrictions aim to select diets 
where MP was more limiting than NEL and where Lys and Met were limiting (Schwab, 
2004). Data were analyzed using the MIXED procedure of SAS (SAS Institute 2008) 
according to the methodology reported by  St-Pierre (2001). Lactational response 
variables were weighted by their SEM and models included the study effect as random. 
To evaluate the accuracy of the NRC model to predict MY, prediction error was 
calculated as MP or NEL allowable MY minus observed MY on both the Control and DG 
diets within study. Then error means from the Control and DG diets were compared using 
a similar model to the one used for lactational variables but no weighing factor was used. 
Figures were prepared with adjusted Y values (St-Pierre, 2001). Models were examined 
for heteroscedasticity by assessment of residual versus predicted mean plot and for 
normality by assessment of the normal probability plot. Significant effects were 
considered at P < 0.05 and trends at P < 0.10.  
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  In general, the use of DG has mainly been targeted to replace a portion of the 
concentrate as a protein source. Table 2.6 outlines the chemical composition and particle 
size of diets that were included in the analysis. The current data shows that DG replaced 
on average 60% of the protein supplements. Overall compared to the Control diets, DG 
diets were similar in CP but were lower in non-fiber carbohydrate (NFC) and higher in 
NDF and ether extract.  Additionally diets which contained DG also had a lower 
proportion of particles between 8.0 and 19.0 mm and a greater proportion of particles < 
1.18 mm. As expected, the inclusion of DG reduced the flow of Lys and increased the 
flow of Met, 9 and 4 g/d, respectively. 
DMI. The response in DMI to the inclusion of DG, NDF, NEL balance, and 
predicted flow of Met and Lys are presented in Table 2.7. Dietary concentration of DG 
did not affect (P = 0.35) DMI and this is similar the observations of Hollmann et al. 
(2011a). As expected DMI tended to be affected by dietary concentration of NDF (P = 
0.07). We also tested the effect of increasing the proportion of particles > 19 mm on DMI 
and observed a negative response (Figure 2.1). Specifically, an increase of a percentage 
unit in the particles retained in the >19 mm screen resulted in a decrease in DMI response 
of 0.28 kg/d. This effect has been reported by others (Zebeli et al., 2012) who have 
suggested that increase particle size may limit DMI through rumen fill.  
Milk yield. An increase in the dietary concentration of DG (P = 0.10) and CP (P 
= 0.09) tended to increase MY (Table 2.7). Similarly, Hollmann et al. (2011a) reported a 
positive effect on MY response to dietary concentration of DG within 4 to 21% of the 
diet DM. In that analysis the positive response in MY was only observed in cows 
producing more than 30 kg/d. Alternatively, they observed that MY decreased with the 
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inclusion of DG when rations were highly fermentable, specifically when more than 47% 
of the diet was corn silage and when the total ration starch concentration was greater than 
32%.  
Milk fat. Increasing the diet proportion of DG was not observed to (P = 0.24) 
affect the concentration of fat in milk. In practice there is a perception that inclusion of 
DG in the ration reduces the concentration of milk fat. This is because the feed contains a 
high proportion of linoleic acid (C18:2), a PUFA. When reaching the rumen unsaturated 
fatty acids are exposed to rumen microbes that may saturate the fatty acid through a 
process known as biohydrogenation (BH) (Harvatine et al., 2009). Although the process 
of BH and organisms fully responsible for it is not completely understood, in general the 
process results in the formation of bioactive fatty acid (FA) which are involved in down-
regulation of the key lipogenic genes located in the mammary gland involved in milk fat 
synthesis as well as uptake of fatty acids from the bloodstream. The first bioactive FA 
observed to affect milk fat synthesis was trans-10, cis-12 18:2 (conjugated linoleic acid; 
CLA) (Baumgard et al., 2002). Subsequent to this observation, a number of other CLA 
isomers have been observed that reduce milk fat, including trans-9,cis-11 CLA and cis-10, 
trans-12 CLA, while speculation also surrounds trans-7, cis-9 CLA and trans-10 18:1. 
Although the exact conditions are not completely understood, two major factors known to 
contribute are low rumen pH and feeding increasing amounts of PUFA (Bauman et al., 
2011). As corn DG contains a high proportion of C18:2, ruminant diets which contain 
DG have been observed to result in biohydrogenation and an increased flow of C18:1 
(Vander Pol et al., 2009; Aldai et al., 2012) and an increased flow of bioactive FA which 
contribute to reducing milk fat. Fatty acids contained in DG are not hydrogenated to the 
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same extent as corn oil Vander Pol et al. (2009) and as a result deliver a greater 
proportion of PUFA to the SI. Furthermore, because unsaturated fatty acids are believed 
to have a greater digestibility than saturated fatty acids, it is believed that fat in DG is 
more digestible than corn oil alone. As previously mentioned there is a current industry 
trend to partially remove fat through centrifugation. Currently there is no research which 
has attempted to study the impact of this industry trend on the extent of biohydrogenation. 
Nonetheless it is likely that fat remaining after centrifugation is tightly adhered to the 
feed particles and as a result less likely to undergo biohydrogenation in the rumen. It 
should be noted that likelihood of the inclusion of DG reducing milk fat is also  
dependent upon the fermentability of the diet and the type and amount of other 
ingredients included in the diet. For example, we recently conducted an experiment in 
which diets contained a high proportion of corn silage and tested the impact of overall 
fermentability on milk composition and yield (Ramirez-Ramirez et al., 2012). In that 
study the concentration of milk fat was lowest in diets which had the highest proportion 
of DG and most fermentable corn silage, and lowest rumen pH. In the current meta-
analysis, inclusion of DG when milk fat concentration in the Control diets was greater 
than 3.45% tended (P = 0.11) to have a negative effect on milk fat response (Figure 2.2). 
This observation is similar to one reported by Hollmann et al. (2011a) where the milk fat 
concentration breakpoint was 3.58% and was more pronounced in cows producing less 
than 30 kg/d. Although it is not clear why such an effect was observed in lower 
producing cows but we suggest that in this case rumen biohydrogenation may be more 
extensive and as a result leading to an increased supply of isomers that lead to the 
reduction in milk fat. Practically, given fact that genetic and technological progress will 
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result in higher producing cows, future research should focus on the impact of increasing 
production and DMI on ruminal biohydrogenation and ultimately milk fat synthesis.  
To date most research which has investigated the impact of TMR particle size has 
included conventional rations which contain large amounts of forage as well as typical 
feeds such as corn and soybean meal. We believe that the current dataset is unique 
because it contained rations with high proportion of DG and as a result we wanted to 
study the influence of TMR particle size on the concentration of fat in milk (Figure 2.3). 
We observed that the concentrations of fat in milk decreased as the proportion of particles 
retained in the 1.18 mm screen and pan (<1.18 mm) increased (P = 0.08 and P = 0.05, 
respectively). This may be a result of diets containing low concentrations of effective 
fiber. This observation is noteworthy because it supports the idea that effective fiber is 
needed in the ration to maintain milk fat and if forages are to be substituted by DG 
nutritionist should ensure the formulation also results in adequate effective fiber. 
Effective fiber is the portion of the diet that is believed to stimulate rumination, chewing 
activity, and saliva secretion, and to help to maintain healthy rumen function and normal 
pH levels. If effective fiber becomes low, rumen pH may drop and this may affect, fiber 
digestion and milk fat levels (Maekawa et al., 2002). Because of this finding, it is a 
common practice to feed diets of longer particle size, therefore containing a greater 
amount of effective fiber so that saliva production is stimulated. In support of this 
hypothesis, Krause et al. (2002) noted that the intake of particles > 19.0-mm was 
negatively correlated with the amount of time rumen pH was below 5.8. When wet DG or 
dried DG are used to substitute forage in the TMR, chewing activity is believed to be 
reduced due to the finer particle size. When evaluating a diet to determine a possible risk 
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of subclinical acidosis, it is important to also consider levels of fiber and non-structural 
carbohydrates, along with their associated fermentability (Yang et al., 2001). Heinrichs 
and Kononoff (2002) suggest that 2 to 8% of particles should greater than 19.0 mm, 30 to 
50% of particles between 19.0 and 8.0 mm or between 8.0 and 1.18 mm and no more 
than 20% of particles smaller than 1.18 mm (Heinrichs and Kononoff, 2002). Figure 2.3 
is an illustration that supports the recommendation surrounding particle less than 1.18mm, 
the proportion of particles less than 1.18 mm decreased as milk fat was reduced.  
Milk protein. The concentration of milk protein was not associated with the 
inclusion of DG (P = 0.25) (Table 2.7). However an increase NEL balance (P < 0.01) 
resulted in a positive response in the concentration of protein in milk. In contrast to DG, 
an increase in Lys and Met flows had a significant (P = 0.0089 and 0.0027) and positive 
effect on the concentration of milk protein. This was expected as it is widely known that 
the changes in the flow of these amino acids are important for milk protein synthesis 
(Schwab et al., 1976). These observations are in agreement with the data summarized in 
the Dairy NRC (2001) which reports that milk protein concentration is more responsive 
than milk yield to increase postruminal supplies of Lys and Met. It is important to note 
that because all of the studies in the current analysis were published subsequent to 2001 
and as such, none of them were used in database for creating the NRC (2001) model. To 
illustrate the impact of the inclusion of DG on the flow of Lys and Met, we sorted the 
data to create a subset that included only studies that fed diets with increasing 
concentrations of corn DG (8 articles; 20 diets), and as expected as dietary concentration 
of DG increased the flow of Met was not affected (Figure 2.4; P = 0.79) but the flow of 
Lys (Figure 2.4; P = <0.01; R2 = 0.91) was reduced. However although the inclusion of 
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DG resulted in a reduced flow of Lys, it is possible that diets were formulated and the 
supply of Lys was adequate to maintain milk protein. Practically we believe that this is 
the case when diets are high in CP (i.e. > 18%) and despite having a low concentration of 
Lys, no negative effects on milk protein are observed. This is because the total flow of 
Lys still meets the need of the mammary gland. Thus to determine if diets containing DG 
could be limiting in Lys, we sorted data to create an additional subset where the 
calculated requirement of energy was met but MP was predicted to be either limiting or 
close to being limiting (-350 and +60 g/d) (Schwab, 2004). We then evaluated the 
relationship between the flow of Lys and Met and the impact on DMI, milk yield and 
composition (Table 2.8). We expressed the flow of Lys and Met in two ways firstly, as 
the percent of each AA of the total MP and secondly, the predicted flow (g/d) to the 
duodenum. In doing so, we were interested in evaluating the relationship between the 
predicted supply of these amino acids and the response in milk protein. When the 
concentration of these amino acids was regressed against the response in milk protein, a 
positive trend was observed between response in the concentration of milk protein with 
increasing the concentration of MP-Lys (Figure 2.5 A; P = 0.09; R2 = 0.24) but no 
relationship was observed for MP-Met (Figure 2.5 B; P = 0.58; R2 = 0.01). The observed 
response in increasing concentrations of MP-Lys suggests that when feeding DG cases 
may exist where animals are deficient in Lys but these are rare and only when the supply 
of MP is very close to requirements.  
The NRC (2001) publication has proven to be a powerful and accurate tool for 
dairy nutritionists to evaluate the predicted supply of AA in a given ration. More 
specifically this publication notes that the optimal level of Lys and Met in MP is 
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estimated to be 7.2% and 2.4%, resulting in the 3.0:1.0 ratio. However because these 
levels are difficult to achieve in most practical settings, the committee practically 
suggested 6.6% and 2.2% as targets of Lys and Met respectively. Unfortunately data for 
this analysis did not contain any observations beyond this range thus we could not fully 
test the relationships as outlined by the NRC (2001). We were however able to test the 
relationship between the predicted supply of Lys and Met on total production of milk 
protein. The relationship between these AA on milk protein yield was positive (Figure 
2.6) and the strong relationships observed in these figures suggest that when assessing 
AA supply in dairy rations it may be more insightful to evaluate the predicted total 
supply (g/d) than to simply evaluate the concentration in MP. Furthermore these results 
also illustrate the impact of total supply of AA on milk protein. Practically, ration 
evaluation procedures which simply evaluate the concentration of AA in MP may be 
misleading if concentrations of Lys and Met are low but the amount of CP is high enough 
to deliver adequate amounts of these AA.  
NRC (2001) milk yield prediction error. Prediction errors of MP and NEL 
allowable milk (NRC, 2001) in the Control and DG diets are presented in Figure 2.7. For 
clarity, a positive value represented an overestimation of the model while, should it have 
been observed a negative value would represent an underestimation. Within MP 
allowable milk, error, overestimation of 2.3 kg/d of milk for the Control diets tended (P = 
0.07) to be different from zero and overestimation of 3.7 kg/d of milk for DG diets was 
different (P <0.01) from zero. Furthermore, prediction error tended (P = 0.10) to be 
greater for the diets containing DG. The reason for greater error in MP allowable milk 
predictions in diets containing DG is not apparent. Within NEL allowable milk, 
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overestimations of 4.9 and 5.1 kg/d of milk for the Control and DG diets were different 
from zero (P < 0.01) however, no difference was observed between the two (P = 0.79). 
For both the Control and DG diets, MP allowable milk predicted better observed milk 
yield (overestimated by 7.6 and 11.9%, respectively) compared to NEL allowable milk 
(overestimated by 15.5 and 15.8%, respectively). Tedeschi et al. (2006) reported a mean 
error in milk yield prediction by the NRC (2001) of 12.3% which is similar to the errors 
associated with the NEL allowable milk predictions in this meta-analysis. A number of 
factors may be responsible for this error including over estimation of reduced digestibility 
with increased feed intake (Robinson, 2007), inaccuracy in the estimation of energy 
requirements of the animals, under-prediction in the indigestible portion of NDF in feeds 
low in lignin (Traxler et al., 1998), and the lack of adjustments for associative effects 
such a rumen pH that may affect digestibility (Weiss et al., 1992). In addition, inaccuracy 
may have also been due to the fact that inputs for the model did not correctly characterize 
the feed actually tested such would be the case if the feed was severely heat damaged. 
Lastly, overestimation of MP or NEL allowable milk by the model could be an indication 
that other factor aside MP or NEL is limiting milk  production. 
Plasma AA as indicator of AA supply 
Plasma concentrations of AA have been used as a tool to evaluate differences in 
the AA supply of diets varying in protein source (Mulrooney et al., 2009), CP 
concentration (Foldager et al., 1980), and rumen protected AA supplements (Polan et al., 
1991). Plasma AA are physiological indicators of the AA available to the mammary 
gland for milk protein synthesis. A database was built with the objective to evaluate the 
relationships involving plasma AA, AA flows to the duodenum, and milk AA in cows fed 
24 
 
 
diets containing DG. The criteria for inclusion in the database required that articles were 
related to trials were lactating dairy cows were fed diets containing a corn DG coproduct 
(dried DG, HPDG or LFDG) and were the effects in plasma concentration of AA were 
shown. Additionally, articles had to report the ingredient composition of the diets, DMI, 
MY, and milk protein concentration. These data were needed to estimate the AA flows to 
the duodenum using the NRC model (2001) and the AA outputs (g/d) in milk based on 
milk AA composition reported by Jacobson (1970). Seventeen studies (Blauwiekel et al., 
1997; Nichols et al., 1998; Xu et al., 1998; Liu et al., 2000; Carvalho et al., 2006; 
Kleinschmit et al., 2006; Kleinschmit et al., 2007b; Greter et al., 2008; Mulrooney et al., 
2009; Christen et al., 2010; Oba et al., 2010; Swanepoel et al., 2010; Mjoun et al., 2010a, 
b; Cabrita et al., 2011; Robinson et al., 2011; Paz et al., 2013) met the inclusion criteria 
where 36 diets containing DG coproducts were fed out of which 29 included dried DG, 6 
included RFDG, and 1 included HPDG. Blood was sampled 3 h after feeding in 11 of the 
17 studies which represented 27 of the observations. Data were analyzed using the 
MIXED procedure of SAS (SAS Institute 2008) according to the methodology reported 
by  St-Pierre (2001). 
Flow of AA, plasma AA, and milk AA. Linear and quadratic models for the 
relationship between plasma amino acid and the respective amino acid flow to the 
duodenum are shown in Table 2.9 and Figure 2.8 Quadratic relationships were observed 
for Arg, His, Ile, Lys, and Phe, linear relationships were observed for Leu and Thr, and 
no relationship for Met. Overall, plasma concentrations of AA were responsive to AA 
flows. Specifically, plasma concentration of specific AA increased as the flow of that 
particular AA increased. This is in agreement to responses observed in studies were 
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specific AA are infused to the duodenum (Guinard and Rulquin, 1994; Haque et al., 
2013). This data supports the use of plasma AA as indicators of the metabolizable 
availability of AA. Linear and quadratic models for the relationship between amino acid 
output in milk (g/d) and the respective plasma amino acid concentration are shown in 
Table 2.10 and Figure 2.9. Quadratic relationships were observed for Arg, Lys, and Ph, 
linear relationship for Val, and no relationships were observed for the remaining AA. 
These results suggest that varying plasma concentration of AA impacts the output of AA 
in milk. Guinard and Rulquin (1994) observed and effect of plasma concentration of Lys 
in the uptake of this AA by the mammary but when a similar trial was done for Met no 
relationship was observed (Guinard and Rulquin, 1995). If the mammary gland its is own 
regulator in respect to AA needs for milk and metabolic purposes or if other factors such 
as the availability of specific metabolizable AA can influence the mammary gland uptake 
and output in milk of AA is a topic that requires further clarification.  
   
CONCLUSIONS 
Feed coproducts from the dry-milling industry will continue to be common and 
cost effective ingredients in dairy diets. Assuming the price of DG will continue to 
remain lower than other commons feeds such as wheat, barley, corn canola meal, and 
soybean meal, it follows that ration formulations including these feeds will be cheaper. 
This economic benefit underscores the growing importance of understanding how 
coproducts may be included into dairy diets. Current research suggests dairy rations may 
be formulated to contain DG but variation in chemical composition of the feeds exists 
making feed evaluation and important part of understanding the nutritional value of DG. 
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When including DG into dairy diets, nutritionists should ensure that the diet contains 
adequate levels of Lys, NDF, and effective fiber and should be mindful that this feedstuff 
may contain variable levels of fat.   
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Table 2.1. Chemical composition of distillers dried grains with solubles (Dairy One 
Forage Analysis. January 31, 2013)
1
 
Item
2 
n
3 
mean SD
4 
DM, % as fed 7455 88.1 5.89 
CP 6759 31.2 4.28 
ADICP 5838 4.4 2.17 
NDICP  2806 9.4 3.20 
Lignin  2828 5.1 1.87 
ADF 5829 16.8 3.52 
NDF 5860 34.1 4.85 
Starch 3438 5.28 4.02 
Crude Fat 5339 12.4 3.19 
NFC
5 
5545 25.0 6.24 
Ash 3342 5.94 1.25 
Ca 4870 0.08 0.19 
P 4928 0.88 0.18 
Mg 4763 0.32 0.08 
K 4762 1.05 0.28 
Na 3471 0.19 0.20 
S 3874 0.636 0.18 
1
Portions of these samples may originate from beverage production and some may have 
used grains such wheat, sorghum, or triticale as the original feed but the majority are 
likely from corn-fuel ethanol production plants. 
2
Values are expressed in % DM unless noted. 
3
n = number of samples. 
4
SD = standard deviation. 
5
NFC = Nonfiber carbohydrates calculated by difference 100 – (% NDF + % CP + % fat 
+ % ash). 
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Table 2.2. In situ studies estimating rumen disappearance of the crude protein in corn coproducts and estimated RUP by assuming a 
Kp of 5%/h 
Author Feed
1 
Times, h CP,%DM A,% B,% C,% Lag, h Kd,%/h
 
RUP 
 -----------------------------------------------------------NonLag model------------------------------------------------------------ 
Batajoo and Shaver (1998) CGF 2, 4, 6, 12, 24, 48, 72 22.8 54.2 37.4 8.40  5.3 26.5 
Batajoo and Shaver (1998) dried DG 2, 4, 6, 12, 24, 48, 72 25.9 16.6 56.1 27.3  4.9 55.6 
Islas and Soto-Navarro (2011) dried DG 0, 2, 5, 9, 14, 24, 36, 48, 72 23.6 24.4 58.9 16.7  4.4 48.0 
Leupp et al. (2009) dried DG 0, 2, 5, 9, 14, 24, 36, 48, 72, 96 25.4 57.3 42.4 0.30  3.1 26.8 
Mjoun et al.  (2010c) DG 0, 2, 4, 8, 16, 24, 48 30.8 18.4 75.2 6.4  3.9 48.6 
Oba et al. (2010) DG 0, 1, 2, 4, 8, 16, 24, 48, 72 30.1 30.9 28.2 40.9  1.87 61.4 
Mjoun et al. (2010c) HP DG 0, 2, 4, 8, 16, 24, 48 41.5 11.1 84.7 4.20  4.3 49.7 
Mjoun et al. (2010c) modified wet DG 0, 2, 4, 8, 16, 24, 48 29.7 37.2 61.1 1.70  4.2 34.9 
Mjoun et al. (2010c) RF DG 0, 2, 4, 8, 16, 24, 48 34.0 17.2 73.7 9.00  2.7 56.8 
 ------------------------------------------------------------Lag model-------------------------------------------------------- 
Yu and Nuez-Ortin (2010) dried DG  32.8 3.8 71.2 25.0 NR 4.3 63.3 
Kleinschmit et al. (2007a)  dried DG 3, 6, 12, 18, 24, 36 31.3 13.4 75.2 11.4 1.53 1.9 65.9 
Kleinschmit et al. (2007a)  dried DG 3, 6, 12, 18, 24, 36 32.1 18.3 63 18.7 0.98 3.7 54.9 
Kleinschmit et al. (2007a)  dried DG 3, 6, 12, 18, 24, 36 32.8 19.7 67.8 12.5 0.42 4.1 49.8 
Kleinschmit et al. (2007a)  dried DG 3, 6, 12, 18, 24, 36 33.5 15.9 78.7 5.4 1.75 1.9 62.4 
Kleinschmit et al. (2007a)  dried DG 3, 6, 12, 18, 24, 36 30.6 16.9 80.7 2.4 1.63 2.7 54.8 
Powers et al. (1995) dried DG 2, 4, 8, 14, 18, 24, 48, 72 28.3 28.3 58.4 13.3 0 3.8 46.5 
Powers et al. (1995) dried DG 2, 4, 8, 14, 18, 24, 48, 72 32.5 26.1 63.1 10.8 0 4.2 45.1 
Powers et al. (1995) dried DG 2, 4, 8, 14, 18, 24, 48, 72 29.1 31.2 68.3 0.4 2.11 2.9 43.6 
Kleinschmit et al. (2007a)  wet DG 3, 6, 12, 18, 24, 36 32.6 19.0 78.9 2.1 0.37 3.7 47.4 
1
Corn milling coproducts are referred as described in the sources. CGF = corn gluten feed; DG = distillers grains with solubles; HP = 
high protein; RF = reduced fat. 
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Table 2.3. Studies estimating intestinal digestibility of rumen undegradable protein 
(dRUP) from corn distillers grains with solubles (DG) 
Article Feed Name Method
1 
CP,%DM RUP, % CP dRUP,% 
Boucher et al. (2009b) dried DG MTSP 29.3 39.6 90.4 
 dried DG MTSP 32.0 58.6 95.0 
 dried DG MTSP 30.5 62.4 91.4 
 dried DG MTSP 29.0 74.0 90.3 
 dried DG TSP 29.3 39.6 78.5 
 dried DG TSP 32.0 58.6 77.2 
 dried DG TSP 30.5 62.4 74.0 
 dried DG TSP 29.0 74.0 76.9 
Corrigan et al. (2009)  dried DG MB 32.1 65.4 91.7 
 dried DG MB 31.9 65.7 92.3 
 dried DG MB 30.5 66.8 93.6 
 dried DG MB 30.7 70.1 92.8 
 dried DG MB 30.9 70.4 93.0 
Janicek et al. (2008) dried DG MB 29.3 55.1 91.0 
Kelzer et al. (2010) dried DG MB 26.9 33.2 92.1 
 dried DG MB 25.9 56.3 91.9 
 wet DG MB 30.2 44.7 93.1 
Kleinschmit et al. (2007a) dried DG TSP 31.3 71.7 59.2 
 dried DG TSP 32.1 63.7 76.8 
 dried DG TSP 32.8 59.1 74.2 
 dried DG TSP 33.5 67.5 63.0 
 dried DG TSP 30.6 60.3 68.1 
 wet DG TSP 32.6 53.6 65.8 
Kononoff et al. (2007) dried DG MB 30.5 43.0 86.2 
Li et al (2012) dried DG MTSP 30.2 48.2 86.4 
 wet DG MTSP 38.8 45.0 87.4 
Mjoun et al. (2010c) dried DG MTSP 30.8 52.3 92.4 
Yu and Nuez-Ortin (2010) dried DG TSP 32.8 66.5 85.0 
1
MB = mobile bag method (Hvelplund 1985); MTSP = Modified  three step in vitro 
procedure (Gargallo et al. 2006); TSP = three step in vitro procedure (Calsamiglia and 
Stern 1995).  
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Table 2.4. Amino acid composition of dry milling coproducts
1
 
 Milling coproducts
2 
Item Dried DG
3 
Low fat DG
4 
Wet DG
5 
Essential AA, % CP    
Arg 4.05 ± 0.84 (28) 4.24 ± 0.64 (2) 3.80 ± 0.72 (3) 
His 2.47 ± 0.42 (28) 2.74 ± 0.45 (2) 2.24 ± 0.39 (3) 
Ile 3.44 ± 0.59 (28) 3.79 ± 0.75 (2) 3.20 ± 0.91 (3) 
Leu 11.2 ± 1.29 (28) 11.9 ± 0.91 (2) 10.8 ± 2.19 (3) 
Lys 2.64 ± 0.63 (28) 2.88 ± 0.48 (2) 2.95 ± 0.42 (3) 
Met 1.87 ± 0.31 (28) 1.83 ± 0.23 (2) 1.97 ± 0.32 (3) 
Phe 4.71 ± 0.60 (28) 4.65 ± 0.12 (2) 4.42 ± 0.99 (3) 
Thr 3.56 ± 0.44 (28) 3.62 ± 0.25 (2) 3.34 ± 0.46 (3) 
Trp 0.74 ± 0.15 (18) 0.81 ± 0.08 (2) 0.63 ± 0.34 (2)  
Val 4.70 ± 0.74 (28) 4.94 ± 0.57 (2) 4.31 ± 1.03(3) 
Nonessential AA, % CP    
Ala 6.77 ± 5.50 (13) 7.09 ± 0.04 (2) 7.35 ± <0.01 (2) 
Cys 1.93 ± 0.14 (15) 1.82 ± <0.01 (2) 2.18 ± 0.20 (2) 
Glu 16.7 ± 2.42 (13) 15.6 ± 1.73 (2) 16.3 ± 0.47 (2) 
Gly 3.86 ± 0.27 (13) 3.95 ± 0.23 (2) 3.74 ± 0.05 (2)  
Pro 8.13 ± 1.35 (13) 7.59 ± 0.22 (2) 7.79 ± 0.49 (2) 
Tyr 3.47 ± 0.63 (8) 3.83 ± 0.37 (2)  
Essential AA, % RUP    
Arg 3.30 ± 0.42 (8)  2.98 ± 0.65 (2) 
His 1.85 ± 0.13 (8)  1.77 ± 0.04 (2) 
Ile 2.96 ± 0.39 (8)  2.89 ± 0.13 (2) 
Leu 12.4 ± 1.03 (8)  12.6 ± 0.64 (2) 
Lys 2.01 ± 0.29 (8)  2.21 ± 0.38 (2) 
Met 1.93 ± 0.21 (8)  2.01 ± 0.37 (2) 
Phe 4.88 ± 0.26 (8)  5.01 ± 0.22 (2) 
Thr 3.42 ± 0.16 (8)  3.31 ± 0.05 (2) 
Trp 0.46 ± 0.01 (2)   
Val 4.10 ± 0.70 (8)  3.73 ± 0.04 (2) 
1
Values expressed as mean ± standard deviation and within parenthesis is the number of 
samples. 
2
DG = distillers grains with solubles. 
3
Mean generated from data reported by Cromwell et al. (1993), Spiehs et al. (2002), 
Carvalho et al. (2006), Kleinschmit et al. (2007a), Greter et al. (2008), Kim et al. (2008), 
Han and Liu (2010), Kelzer et al. (2010), Mjoun et al. (2010a), and Li et al. (2012). 
4
Means generated from data reported by Mjoun et al. (2010a,b). 
5
Means generated from data reported by Kleinschmit et al. (2007a), Kim et al. (2008), 
and Kelzer et al. (2010). 
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Table 2.5. Fatty acid profile of corn distillers dried grains with solubles (BPX Poet 
Nutrition, n = 30) (Dose et al. 2011) 
Item Mean Standard deviation 
Chemical Composition, % DM   
CP 31.2  
NDF 29.3  
Ether extract 11.6  
TFA
1
  9.84  
Fatty Acid (mg/g DM)   
C16:0 13.5 0.78 
C16:1 0.23 0.05 
C18:0 2.03 0.13 
C18:1 24.6 1.23 
C18:2 54.0 3.18 
C18:3 1.42 0.11 
C20:0 0.48 0.06 
C22:0 0.24 0.04 
C24:0 0.31 0.18 
Other Lipid
 
1.62 0.18 
Fatty Acid (% TFA)   
C16:0 13.7 0.18 
C16:1 0.23 0.51 
C18:0 2.06 0.05 
C18:1 25.0 0.35 
C18:2 54.8 0.42 
C18:3 1.44 0.05 
C20:0 0.49 0.04 
C22:0 0.24 0.03 
C24:0 0.32 0.03 
Other Lipid
 
1.65 0.21 
1
TFA = total fatty acids. 
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Table 2.6. Descriptive statistics of the diets 
 Control diet (n=23)  Distillers grains and solubles diets (n=58) 
Item Mean Minimum Maximum SD  Mean Minimum Maximum SD 
Ingredient, % DM          
Forages
1
 52.1 45.0 59.6 4.03  49.4 29.8 55.0 5.06 
Grain
2 
24.2 6.05 35.6 8.49  19.9 6.05 35.1 8.34 
Corn milling coproducts
3 
0.0 0.0 0.0 0.0  16.9 3.24 31.2 6.96 
Protein supplements
4 
15.4 6.63 41.3 6.36  6.60 0.0 36.0 7.03 
Byproducts
5 
5.24 0.0 12.0 4.59  4.26 0.0 15.6 4.67 
Fat 0.51 0.0 2.0 0.68  0.52 0.0 2.50 0.80 
Minerals and vitamins 2.56 1.70 4.04 0.65  2.29 0.94 3.83 0.59 
Particle size distribution, % as fed          
>19.0 mm 9.20 3.00 14.4 3.27  9.65 2.00 16.5 4.26 
8.0-19.0 mm 32.2 18.8 42.0 6.89  28.8 16.6 42.7 8.21 
1.18-8.0 mm 40.0 34.7 46.0 3.50  38.2 28.0 52.3 6.77 
<1.18 mm 18.5 12.8 25.1 3.00  23.1 11.3 35.0 6.32 
Chemical composition, % DM          
CP 17.5 15.1 20.8 1.51  17.5 15.0 21.0 1.39 
NDF 33.2 27.4 40.7 3.79  34.9 27.7 44.1 4.05 
NFC 39.6 29.8 49.6 5.64  37.3 25.3 47.0 5.74 
EE 3.45 1.78 5.70 1.10  4.83 3.06 7.61 1.06 
NEL, Mcal/kg DM 1.58 1.52 1.65 0.03  1.61 1.54 1.69 0.04 
Lys flow, g/d
6 
201 164 243 20.2  192 155 235 21.3 
Met flow, g/d
6 
58 49 72 5.6  62 51 78 6.4 
1
Forages used across studies: alfalfa hay, alfalfa silage, barley silage, brome hay, corn silage, and wheat straw. 
2
Grains used across studies: rolled barley, flaked corn, ground corn, rolled corn, and wheat grain. 
3
Corn milling coproducts used across studies: dried distillers grains plus solubles, wet distillers grains plus solubles, high protein dried 
distillers grains plus solubles, and reduced fat dried distillers grain plus solubles. 
4
Protein supplements used across studies: canola meal, corn gluten feed, corn gluten meal, fish meal, porcine blood meal, soybean 
meal (extruded, 44 or 48%). 
 
 
 
4
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5
Byproducts used across studies: Almond hulls, beat pulp, citrus pulp, soy hulls, molasses.  
6
Lys and Met flow = flow to the small intestine predicted by the dairy NRC (2001). 
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Table 2.7. Lactational responses to dietary concentration of corn milling coproducts, 
dietary composition, NEL balance, and Lys and Met flows to the small intestine 
Response
1 
Variable (x)
2 
Term R
2
 P-value 
Dry matter intake, kg/d
 
DG -0.02995x + 0.2746 0.13 0.35 
 NDF -0.08239x + 2.7869 0.10 0.07 
 NEL balance 0.3024x – 1.1161 0.92 0.0005 
Milk yield, kg/d
 
DG 0.04516x + 0.4807 0.24 0.10 
 CP
 
0.3617x  - 5.0539 0.17 0.09 
 NEL balance
 
-0.0823x  - 1.2196 0.36 0.41 
 Lys flow
 
0.0034x – 0.6557 0.03 0.76 
 Met flow
 
0.0267x – 0.3537 0.02 0.53 
Milk fat, % DG -0.00774x + 0.1062 0.07 0.24 
 NEL balance -0.05604x + 0.1462 0.74 0.0007 
 Lys flow -0.00695x + 1.2696 0.45 0.0089 
 Met flow -0.03022x + 1.8359 0.65 0.0027 
Milk protein, % DG -0.00189x – 0.00074 0.12 0.25 
 NEL balance
 
0.01238x – 0.07484 0.68 0.0014 
  Lys flow
 
0.002336x – 0.4771 0.67 0.0004 
 Met flow 0.008302x – 0.5516 0.71 0.0006 
1
Response  = distillers grains with solubles (DG) diet mean minus control diet mean. 
2
DG, CP = concentration in the corn distillers grains; Lys and Met flow = flow to the 
small intestine (g/d) predicted by the dairy NRC (2001);  NEL balance = Net energy of 
lactation balance (Mcal/d) predicted by the dairy NRC (2001). 
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Table 2.8. Lactational responses
1
 to Lys and Met concentration in metabolizable protein and to Lys and Met flows to the small 
intestine as estimated by the NRC (2001) (n = 17) in diets with corn milling coproducts 
 Amino acid concentration in metabolizable protein 
 x = Lys  x = Met 
Y= Term R
2 
P-value  Term R
2 
P-value 
DMI, kg/d
 
1.4316x – 8.8123 0.49 0.09  0.7874x – 1.8528 0.008 0.93 
MY, kg/d
 
-1.8872x + 12.2151 0.24 0.25  14.5749x – 27.0075 0.47 0.37 
milk protein, % 0.1180x – 0.7212 0.24 0.09  -0.3029x + 0.558 0.09 0.58 
milk fat, % 0.3936x – 2.3269 0.28 0.12  -0.3739x + 0.719 0.01 0.83 
 Amino acid flow to the small intestine 
 x = Lys  x = Met 
Y= Term R
2 
P-value  Term R
2 
P-value 
DMI, kg/d
 
0.0646x – 11.9165 0.93 <0.01  0.09702x – 5.9831 0.40 0.45 
MY, kg/d
 
-0.07145x + 13.9193 0.66 0.07  -0.3381x + 20.8569 0.61 0.11 
milk protein, % 0.003833x– 0.7058 0.62 0.01  0.0149x – 0.8925 0.52 0.03 
milk fat, % 0.008119x – 1.4541 0.36 0.08  0.03001x – 1.7498 0.32 0.20 
1
Response  =  distillers grains with solubles diet mean minus control diet mean. 
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Table 2.9. Linear and quadratic models for the relationship between plasma amino acid 
and the respective amino acid flow to the duodenum (NRC, 2001)
1
 
 Linear models
2 
 
Y
3
= Inter
 
 SE  Pv
 
 X
 
SE Pv R
2 
[Arg] 9.88  3.74  0.02  0.02 0.03 0.47 0.24 
[His] 6.09  1.77  <0.01  0.02 0.02 0.41 0.21 
[Ile] 5.22  3.67  0.17  0.06 0.02 0.04 0.61 
[Leu] 7.86  5.89  0.20  0.05 0.02 0.02 0.74 
[Lys] 2.00  2.07  0.35  0.04 0.01 <0.01 0.77 
[Met] 2.49  1.26  0.06  0.01 0.02 0.48 0.14 
[Phe] 5.12  1.98  0.02  0.02 0.01 0.24 0.30 
[Thr] 4.04  2.72  0.16  0.04 0.02 0.04 0.29 
[Val] 26.6  9.00  0.01  0.04 0.04 0.41 0.15 
 Quadratic models  
Y= Inter SE Pv X SE Pv X
2 
SE Pv R
2 
[Arg] 59.1 16.6 <0.01 -0.73 0.25 0.02 0.003 <0.01 0.02 0.91 
[His] 21.6 9.42 0.03 -0.44 0.27 0.14 0.003 <0.01 0.12 0.71 
[Ile] 35.7 17.7 0.06 -0.38 0.25 0.15 0.002 <0.01 0.10 0.82 
[Leu] 54.3 41.7 0.21 -0.28 0.30 0.37 0.0006 0.0005 0.28 0.88 
[Lys] 30.7 11.4 0.02 -0.27 0.12 0.05 0.0008 0.0003 0.03 0.88 
[Met] 7.76 7.87 0.34 -0.16 0.26 0.55 0.001 0.002 0.51 0.31 
[Phe] 32.6 10.9 0.01 -0.35 0.14 0.03 0.001 <0.001 0.02 0.76 
[Thr] 21.9 18.6 0.26 -0.20 0.24 0.43 0.0008 0.0008 0.35 0.48 
[Val] 1.62 38.2 0.97 0.37 0.49 0.47 -0.001 0.002 0.51 0.05 
1
The NRC (2001) does not estimated Trp flow to the duodenum thus relationship for this 
AA were not estimated. 
2
Inter = intercept; Pv = P-value; X = respective AA flow to the duodenum. 
3
Plasma concentration of AA. 
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Table 2.10. Linear and quadratic models for the relationship between amino acid output 
in milk (g/d) and the respective plasma amino acid concentration (NRC, 2001) 
 Linear models
1 
 
Y
2
= Inter  SE  Pv  X
 
SE Pv R
2 
Arg 40.1  2.25  <0.01  -0.13 0.15 0.41 0.21 
His 31.6  3.72  <0.01  -0.13 0.48 0.79 0.03 
Ile 59.9  5.97  <0.01  0.52 0.45 0.28 0.32 
Leu 98.1  8.29  <0.01  0.51 0.34 0.20 0.46 
Lys 74.6  9.24  <0.01  1.78 0.99 0.10 0.42 
Met 32.2  2.26  <0.01  -0.83 0.69 0.26 0.29 
Phe 53.8  6.15  <0.01  0.23 0.83 0.79 0.02 
Thr 48.8  5.53  <0.01  0.37 0.57 0.53 0.07 
Trp 15.1  1.30  <0.01  0.18 0.20 0.40 0.23 
Val 59.8  7.20  <0.01  0.55 0.27 0.07 0.72 
 Quadratic models  
Y= Inter SE Pv X SE Pv X
2 
SE Pv R
2
 
Arg 59.1 16.6 <0.01 -0.73 0.25 0.02 0.003 <0.01 0.02 0.53 
His 29.0 11.2 0.02 0.63 3.15 0.84 -0.05 0.22 0.81 0.03 
Ile 79.3 16.5 <0.01 -2.40 2.42 0.34 0.10 0.09 0.25 0.51 
Leu 104.5 20.7 <0.01 -0.08 1.85 0.97 0.01 0.04 0.75 0.53 
Lys 44.5 34.4 0.21 8.19 7.14 0.27 -0.33 0.36 0.38 0.40 
Met 36.1 4.48 <0.01 -3.58 2.66 0.20 0.44 0.42 0.31 0.30 
Phe 123.8 20.0 <0.01 -18.6 5.27 <0.01 1.23 0.34 <0.01 0.89 
Thr 44.1 23.1 0.07 1.35 4.68 0.78 -0.05 0.23 0.84 0.08 
Trp 17.1 4.39 <0.01 -0.47 1.39 0.74 0.05 0.11 0.64 0.40 
Val 66.1 20.5 0.01 0.10 1.39 0.95 0.01 0.02 0.75 0.73 
1
Inter = intercept; Pv = P-value; X = respective plasma concentration of the AA. 
2
Output in milk (g/d). 
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Figure 2.1. Relationship between dry matter intake response (corn distillers grains and 
solubles diet mean minus control diet mean) and particles retained in the >19 mm screen 
of the Penn State Particle Separator. The solid line is y = -0.2758x + 2.2658 (P = 0.04; R
2 
= 0.58).  
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Figure 2.2. Relationship between response (corn distillers grains and solubles  diet minus 
control diet) in milk fat concentration and milk fat concentration in control diet. The solid 
line is y = -0.4555x + 1.5721 (P = 0.11; R
2
 = 0.42). 
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Figure 2.3. Relationship between milk fat concentration response (corn distillers grains 
and solubles  diet minus control diet) and particles retained in the (A) 1.18 mm screen 
(solid line is y = -0.0365x + 1.2771; P = 0.08; R
2 
= 0.63) and (B) pan (<1.18 mm) (solid 
line is y = -0.0362x + 0.8084; P = 0.05; R
2 
= 0.46) of the Penn State Particle Separator. 
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Figure 2.4. Relationship between (A) Lys flow to the small intestine (solid line is y = -
1.2596x + 207.28; P = <0.01; R
2
 = 0.91) and (B) Met flow to the small intestine (P = 
0.79) and dietary corn milling coproduct concentration (% of DM).  
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Figure 2.5. Relationship between milk protein response (corn distillers grains and 
solubles  diet minus control diet) and (A) Lys in MP (solid line is y = 0.118x - 0.7212; P 
= 0.09; R
2
 = 0.24) and (B) Met in MP (P = 0.58).  
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Figure 2.6. Relationship between milk protein yield and (A) Lys flow (solid line is y = 
0.00232x + 0.6169; P = <0.01; R
2
 = 0.34) and (B) Met flow (solid line is y = 0.01143x + 
0.3733; P = <0.01; R
2
 = 0.61).  
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Figure 2.7. Prediction errors (predicted minus observed) of MP and NEL allowable milk 
(NRC, 2001) in the Control and corn distillers grains with solubles (DG) diets. Values are 
means ± SD. Within group, means without a common letter differ (P = 0.10). A positive 
value represents an overestimation of the model while, should it have been observed, a 
negative value would represent an underestimation. 
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Figure 2.8. Relationships between plasma amino acids and flow of amino acids to the 
duodenum.  
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Figure 2.9. Relationships between milk amino acids and plasma amino acids. 
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ABSTRACT 
 A study was conducted to determine the rumen degradation and intestinal 
digestibility of crude protein (CP), AA composition of rumen-undegradable protein 
(RUP), and intestinal digestibility of the AA in RUP of blood meal from 3 sources (BM1, 
BM2, and BM3), canola meal, low-fat distillers dried grains with solubles, soybean meal, 
and expeller soybean meal. In situ incubation of 16 h was used to determine the RUP and 
AA profile of the RUP of the feedstuffs. To correct for bacterial contamination of the 
RUP across feedstuffs, two methods were used, purines and DNA as bacterial markers. 
The mobile bag technique was used to determine the digestibility of the RUP and AA in 
the RUP of the feedstuffs. Rumen degradation of CP varied greatly between canola meal 
sources, 85.3, 40.7, and 29.8% for BM1, BM3, and BM2, respectively,  and for the 
remaining feedstuffs it ranged from 37.0 to 76.9%. Compared to the original feed, 
concentration of total essential AA in the RUP increased for CM, SBM, and ESBM and 
decreased for BM2 and BM3. Compared to the use of purines as a bacterial marker, the 
use of a DNA marker resulted in a higher estimate of  bacterial CP contamination for CM 
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and lower for LFDG and ESBM. Intestinal digestibility of RUP was highest for SBM, 
followed by BM2 and LFDG, and lowest for CM. Digestibilities of AA in the RUP of the 
feedstuffs were high; however, differences were observed between and within feeds. 
Key words: dairy cow, amino acid, rumen degradation, intestinal digestibility, DNA 
marker 
 
INTRODUCTION 
Great interest has emerged in balancing dairy cattle diets for AA due to the 
potential benefit of improving N efficiency (N in milk/ N intake) and as a result  increase 
farm profitability and decrease environmental impacts (Schwab, 2010). Ruminal 
microbial CP, RUP, and endogenous proteins contribute to the AA supply that will be 
available for absorption at the small intestine of the dairy cow. To meet the AA demands 
in high producing cows, significant amounts of RUP have to complement the AA 
supplied by microbial CP and endogenous sources (NRC, 2001). In addition, studies have 
shown that an optimum AA profile in the RUP impacts positively milk protein (Schwab 
et al., 1992; Guinard and Rulquin, 1994). The Dairy NRC (2001) model assumes a 
similar AA profile between the RUP of a feedstuff and the original feedstuff and also a 
similar digestibility between the RUP and individual AA in the RUP; however, studies 
have shown that these assumptions may not always hold true (Mjoun et al., 2010; Maxin 
et al., 2013). Compared to the original feedstuff, the CNCPS (v6.1) model assigns a 
different AA profile to the estimated RUP based on the AA profile of the buffer insoluble 
protein (O'Connor et al., 1993); however, this procedure does not account for AA in the 
soluble fraction, is analytically challenging, and default values are not routinely updated 
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(Van Amburgh et al., 2013). In order for feeding strategies targeted to balance for AA to 
be successful, models need to accurately estimate the RUP of feedstuffs and the profile 
and digestibilities of individual AA in the RUP. 
The Dairy NRC (2001) recommends the use of the in situ procedure to estimate 
ruminal degradation of CP from feedstuffs. This procedure requires the incubation and 
recovery of feedstuff residue within porous bags in the rumen. To avoid errors associated 
with bacterial contamination, bags are washed in an attempt to free the feedstuff residue 
from ruminal bacteria; however, bacterial contamination may still remain (Beckers et al., 
1995). Purines (adenine and guanine) have commonly been used as markers (Broderick 
and Merchen, 1992) to correct for bacterial contamination; however, purines originating 
from the feedstuff residue may affect the accuracy of these markers. The use of genetic 
markers may increase specificity as means to estimate bacterial contamination. To the 
knowledge of the authors, although DNA has been used as a marker for microbial protein 
flow in the duodenum (Castillo-Lopez et al., 2013), the use of this marker in in situ and 
mobile bag studies has not been explored. The main objectives of this study were to 
determine the rumen degradation and intestinal digestibility of CP, AA composition of 
RUP, and intestinal digestibility of the AA in RUP from several feedstuffs with high CP 
concentration and to evaluate the use of DNA as a marker to correct for bacterial 
contamination. 
 
MATERIALS AND METHODS 
Feedstuffs  
Feedstuffs evaluated in this experiment included canola meal (CM), low-fat 
distillers dried grains with solubles (LFDG), soybean meal (SBM), expeller SBM (ESBM) 
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(SoyPlus; West Central, Ralston, IA), and 3 sources of blood meal (BM1, BM2, and 
BM3). Five batches from each feedstuff were obtained for a total of 35 samples. The 
LFDG samples were produced via centrifugation by Poet (Sioux Falls, SD). All samples 
were ground to pass through a 2-mm screen using a Wiley Mill (Arthur A. Thomas Co., 
Philadelphia, PA). Feedstuffs were analyzed for DM (AOAC, 2000), N (Leco FP-528 N 
Combustion Analyzer; Leco Corp., St. Joseph, MI 49085), NDF (Van Soest et al., 1991), 
ADF (method 973.18; AOAC, 2000), sugar (DuBois et al., 1956), ether extract (2003.05; 
2006), ash (942.05;  AOAC, 2000), and minerals (985.01; AOAC, 2000) by Cumberland 
Valley Analytical Services Inc. (Hagerstown, MD). Additionally, feedstuffs were 
analyzed for AA using a Hitachi L-8800 AA analyzer (Hitachi Co., Tokyo, Japan) by the 
Experimental Station Chemical Laboratories, University of Missouri-Columbia 
(Columbia, MO). 
Animals and in situ and mobile bags 
Two multiparous Holstein cows (BW of 660 ± 33 kg) fitted with a flexible 
ruminal and proximal duodenal cannulas and with an average DIM of 70 ± 17 and milk 
yield of 27.3 ± 8.00 kg were used for in situ and mobile bag procedures. Cows were 
housed in tie stalls with continuous access to water and fed once daily at 1000 h a diet 
composed of 53% forage and 47% concentrate. Ruminal degradations of CP and AA 
were determined in situ and intestinal degradations of CP and AA were determined using 
the mobile bag technique. For each sample, approximately 1.5 g from each batch were 
weighed into 12 N-free polyester bags (R510, Ankom Technologies, Macedon, NY) with 
a mean pore size of 50 µm and a dimension of 5 cm × 10 cm. Bags were heat-sealed 
using an Ankom Heat Sealer (Ankom Technologies, Macedon, NY) and then divided into 
mesh bags (46 × 38 cm) that contained 2 secured 100 g weights which were used to 
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prevent bags from floating in the rumen mat. Each mesh bag contained 35 polyester bags 
so that all batches from every sample were present. At 1400h, 6 mesh bags per cow were 
inserted through the rumen cannula, positioned in the ventral sac, and incubated for 16 h. 
Following rumen incubation, all mesh bags were gently rinsed with cold water to remove 
particulate matter and to cease microbial activity. Polyester bags were removed from the 
mesh bags and half of the bags (referred to as rumen bags) from each sample per cow 
were immediately frozen (-20°C) for later analysis and the remaining bags (referred to as 
mobile bags) were washed in a domestic washing machine using 5 cycles that consisted 
of 1 min wash and 2 minutes spin. After washing, bags were used for the mobile bag 
procedure according to Kononoff et al. (2007). Mobile bags were incubated in a pepsin-
HCl solution (1 g of pepsin/L of 0.01 N HCl) for 3 h in a 39°C water bath with 
occasional stirring to simulate abomasal digestion. Following the pepsin-HCl incubation, 
mobile bags were rinsed with distilled water to wash out the pepsin-HCl solution and to 
force the residue to the bottom and then the upper portion of the bag was tightly rolled. 
Subsequently, mobile bags were inserted through the duodenal cannula of each cow 
during 3 consecutive d (35 mobile bags/d) at a rate of 1 mobile bag every 5 minutes. 
Mobile bags were inserted in the duodenal cannula of the corresponding cow in which 
they were ruminally incubated and insertion of mobile bags was spread throughout 3 days 
to maintain cow comfort. Once passing through the cow, mobile bags were retrieved 
from the feces from the appearance of the first bags (8 h after insertion) until 24 h after 
insertion, rinsed lightly with cold water to remove fecal material, and frozen (-20°C) until 
all bags were recovered. Rumen and mobile bags were thawed and then washed in a 
domestic washing machine using 5 cycles that consisted of 1 min wash and 2 minutes 
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spin. Bags were then rinsed with distilled water to force all the residue to the bottom, 
rolled, and dried in a 100°C oven for 12 h. Following drying, bags were weighed to 
determine the weight of the remaining residue. Rumen and mobile bags residues were 
composited by sample, load, and cow and then composites were divided into two 
subsamples. One set of subsamples was analyzed for N using the combustion method 
(AOAC, 1996) in a combustion N analyzer (Leco FP-528; Leco Corp, St. Joseph, MI) 
and the other set was analyzed for AA as described for feedstuffs. 
Calculations. The RDP for all samples was determined as portion of the CP that 
disappeared from the polyester bag following the in situ incubation. The RUP was 
calculated as 100 – RDP. The total tract CP digestibility (TTCPD) was calculated as 1 – 
total-tract indigestible protein. The digestible portion of the RUP was assumed to be the 
percentage of the CP escaping ruminal disappearance but not recovered in the residue 
following intestinal incubation and was calculated as 1 – (total-tract indigestible 
protein/RUP). 
Correction for bacterial CP contamination 
During the last d of insertion of mobile bags, six additional mesh bags per cow 
containing 35 polyester bags so that all batches from every sample were present were 
incubated for 16 h. In addition, whole ruminal contents were collected for 2 consecutive d 
from four different locations within the rumen at 8000 and 1500 on the first d and at 1000 
and 1700 on the second d. Following incubation bags were washed in a domestic washing 
machine using 5 cycles that consisted of 1 min wash and 2 minutes spin.  
Isolation of ruminal bacteria. Ruminal bacteria were isolated following the 
procedure described by Hristov et al. (2005). Whole ruminal contents were composited 
by cow and squeezed through two layers of cheesecloth and the filtrate was retained. 
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Solids remaining on the cheesecloth were added to a volume of cold buffer (McDougall, 
1948) equal to the volume of filtrate, and shaken manually in a screw-capped jar to 
dislodge the ruminal microorganisms loosely associated with feed particles. This 
suspension was then squeezed through two layers of cheesecloth and the two filtrates 
were combined in similar proportion and preserved with 5% (vol/vol) formalin. From this 
sample, bacteria were harvested via differential centrifugation (Hristov and Broderick, 
1996) with an initial low-speed centrifugation at 400 × g for 5 min at 4 °C and a 
subsequent high-speed centrifugation at 20,000 × g for 15 min at 4°C. Samples were 
maintained on ice while being processed. The supernatant was then discarded and the 
isolated bacterial pellets were composited by cow and frozen at –20 °C for later analysis. 
Bacterial pellets were thawed and then lyophilized (Freezemobile 25SL, VirTis, Gardiner, 
NY). Dried bacterial samples were ground with a mortar and pestle and a subsample was 
analyzed for N (Leco FP-528 N Combustion Analyzer; Leco Corp., St. Joseph, MI) and 
other subsample was analyzed for AA in a similar fashion as the feedstuffs. 
Bacterial N using purines as bacterial marker. Rumen bag residues and 
lyophilized bacterial samples were analyzed for purines as described by Makkar and 
Becker (1999). Briefly, 75 mg of rumen bag residue or 50 mg of lyophilized bacterial 
sample were placed into Pyrex crew cap tubes and mixed with 0.5 mL of 3 mM 
allopurinol internal standard solution and 2.5 mL of 0.6 M HClO4 and then incubated in a 
water bath (90 – 95°C) for 1 h. After cooling, 7.5 mL of 10 mM NH4H2PO4 was added to 
all samples and pH was adjusted between 6.6 – 6.9 with 8 M KOH. Then samples were 
centrifuged at 3,000 × g, filtered through a 13 mm disposable syringe filter (0.45 µm) 
with GHP membrane into an HPLC vial, and analyzed for total purines using a 717 
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HPLC system (Water Corporation Inc., Milford, MA). Calculation of bacterial N was 
based on the ratio purine:N obtained from the lyophilized bacterial sample and the 
concentration of purines in the rumen bag residues. Bacterial N was multiplied times 6.25 
to obtained bacterial CP (BCP). 
Bacterial N using DNA as bacterial marker. For both rumen bag residues and 
lyophilized bacterial samples, bacterial DNA was extracted using the repeated beat 
beading plus column method based on the extraction method for PCR-quality DNA from 
digesta samples described by Yu and Morrison (2004). Rumen bag residues and 
lyophilized bacterial samples were mixed with lysis buffer and zirconia beads and then 
shaken to physically disrupt the cells and expose the cell contents. Then, nucleic acids 
were precipitated and DNA was purified by a series of centrifugation steps that removed 
RNA and proteins. The concentration of DNA in the samples was measured by 
spectrophotometry (NanoDrop ND-1000 Spectrophotometer, NanoDrop Technologies, 
Inc. Wilmington, DE) and the samples were stored at -20 ºC in aliquots of 25 µL for later 
analysis of BCP using real-time PCR. 
The bacterial DNA marker used in this study has been reported elsewhere (Yu et 
al., 2005; Castillo-Lopez et al., 2013) and it is part of the gene encoding the 16S rRNA, 
which has been shown to be highly preserved in bacteria (Ogier et al., 2002; 
Zimmermann et al., 2010). The National Center of Biotechnology Information (NCBI) 
accession number of the targeted bacterial DNA marker is FJ715623. The marker is 
composed of a forward primer, a TaqMan probe and a reverse primer. Forward primer: 
5’-act cct acg gga ggc agc ag-3’. TaqMan probe: 5’-FAM/tgc cag cag ccg cgg taa 
tac/TAMRA-3’. Reverse primer: 5’-gac tac cag ggt atc taa tcc-3’. 
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Real-time PCR reactions were as follows: 4 µL of DNA sample were combined 
with 1 µL of 10 µM forward primer, 1 µL of 10 µM reverse primer, 0.25 µL of 10 µM 
TaqMan probe, 7.5 µL of TaqMan Master Mix (Applied Biosystems, Foster City, CA, 
USA) and 1.25 µL of nanopure water. Two samples with no DNA were included and 
used as non-template controls. Each sample was run in duplicate in separate wells of the 
384-well real-time PCR plate. DNA samples were subjected to real-time PCR using a 
7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). 
Temperature cycling was as described by Moya et al. (2009) with some variations. 
Specific conditions were as follows: stage 1: 50 ºC for 2 min; stage 2: 95 ºC for 10 min; 
stage 3: 45 cycles alternating denaturation at 95 ºC for 15 s, then annealing and 
polymerization at 60 ºC for 1 min. Results from real-time PCR were used to estimate 
BCP according to calculations described by Castillo-Lopez et al. (2010). Calculation of 
bacterial N was based on the ratio bacterial DNA marker:N from lyophilized bacterial 
samples and the DNA marker in the rumen bag residues. Similar to the purine assay, 
bacterial N was multiplied times 6.25 to obtain BCP. 
In vitro procedure to estimate ruminal degradation of protein 
 The in vitro ammonia release procedure (Britton et al., 1978; Corrigan et al., 2009) 
was used to estimate ruminal degradation of protein across feedstuffs. Ruminal contents 
were collected from the 2 cows used in the in situ and mobile bag techniques and then 
squeezed through 4 layers of cheesecloth and the filtrate was retained. In the laboratory, 
equal volumes of the filtrate and cold buffer (McDougall, 1948) were mixed and this 
inoculum was pipetted into 50-mL plastic centrifuge tubes containing the samples. 
Amount of sample in the tubes were determined so that each tube contained 20 mg of N. 
Tubes were flushed with CO2, capped with gas-release rubber stoppers, and incubated in 
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a water bath at 39 °C for 18 or 24 h. After incubation, fermentation in the tubes was 
stopped by adding 2 ml of 25% HCl acid and subsequently tubes were chilled in an ice 
bath. Tubes were then centrifuged at 7,000 × g for 10 min at room temperature and the 
supernatant was analyzed for NH3 concentration by spectrophotometry (Spectramax 250, 
Molecular Devices Corp., Sunnyvale, CA) according to the method of Broderick and 
Kang (1980) and for VFA concentrations by chromatography (Hewlett-Packard gas-
liquid chromatograph, Avondale, PA) according to the method of Erwin (1961). 
 Concentrations of NH3 and total VFA were adjusted for a blank (only inoculum) 
at each incubation time. Soybean meal and SBM plus 0.1 g of Solka-Floc (International 
Fiber Corp., North Tonawanda, NY) were used as standards. Based on the assumption 
that an increase in the total VFA concentration represented an increase of microbial 
synthesis, then using the regression of the NH3 and total VFA concentrations from SBM 
and SBM plus Solka-Floc allowed test feedstuffs NH3 concentrations to be adjusted to 
total VFA concentrations equal to those in the SBM incubations and this allowed RUP to 
be estimated. 
Statistical analysis 
Data for rumen degradation and intestinal digestibilities of CP and AA were 
analyzed using the MIXED procedure of SAS (SAS Institute, 2008) based on the 
following model: 
Yijk = µ + Fi + rj + lk:i + εijk 
where Yijk = dependent variable, µ = overall mean, Fi = fixed effect of feedstuff, rj = 
random effect of replicate, lk:i = random effect of load within feedstuff, and εijk = residual 
error. 
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RESULTS AND DISCUSSION 
 The chemical and AA composition of the feedstuffs are listed in Table 1 and 
Table 2, respectively. In addition, the AA composition of ruminal bacteria is listed in 
Table 2. Chemical composition of the blood meals from the 3 sources was similar. The 
low fat content (6.11% DM) of the LFDG reflects the partial removal of the oil by 
centrifugation. Overall, chemical composition of the feedstuffs was comparable to 
reported values (NRC, 2001). The total essential AA (TEAA) concentration of the blood 
meals averaged 59.9 % CP and was greater than the other feedstuffs. Generally, AA 
concentrations of the feeds were within the ranges reported by the NRC (2001) but for 
LFDG which were higher for all essential AA with the exception of Trp which was 
similar. Most notably the Lys concentration of 3.48% CP was much greater than 2.24% 
CP reported by the NRC (2001). This observation is in agreement with others (Mjoun et 
al., 2010; Li et al., 2012) which suggest an improvement in the protein quality of actual 
LFDG. Amino acid concentrations of ruminal bacteria were within the ranges reported in 
the review of Clark et al. (1992). 
Ruminal degradation of DM, CP, and AA 
Ruminal degradation of DM, CP, and AA after 16 h in situ incubation are shown 
in Table 3. Ruminal degradation of DM varied greatly (P < 0.001) within blood meal 
sources with a difference of 60.9 percentage units between BM1 and BM2. For the 
remaining feedstuffs, ruminal degradation of DM ranged between 57.2 and 78.9% . 
Compared to reported values (NRC, 2001), ruminal degradation of CP was similar for 
BM2 and higher for BM1 and BM3. One major assumption of the mobile bag technique 
is that disappearance of substrate from the bag reflects degradation, thus, the interaction 
of particle size and bag pore size is of critical importance as it affects substrate 
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disappearance from the bag (Marichal et al., 2000). Bags containing BM1 and BM3 
samples were handled gently to avoid particle losses due to the small particle size of the 
original samples; however, high ruminal degradation of CP from this samples may have 
been influenced by particle losses during incubation. Values of ruminal degradation of 
CP for CM (NRC, 2001), SBM (Mjoun et al., 2010), and ESBM (Borucki Castro et al., 
2007) were consistent with the literature. Lower (P < 0.001) ruminal degradation of CP 
from ESBM compared to SBM has been previously reported (Borucki Castro et al., 2007) 
and is attributed to a reduction in the solubility of the proteins as they are denatured by 
exposure to heat during the processing of this product. For LFDG, ruminal degradation of 
CP was higher than commonly observed in conventional distillers grains (Kelzer et al., 
2010). In vivo data suggest that the RUP of conventional distillers grains is 63% 
(Castillo-Lopez et al., 2013). 
Across feedstuffs, ruminal degradation of AA followed a similar pattern to that of 
CP. However, for specific AA variation was observed. Across BM sources, Trp was the 
most degraded and Ile or Ser the least degraded. For CM, Cys, His, Trp, and Glu were the 
most degraded while Orn, Ser, and Tyr were the least. Similarly, Maxin et al. (2013) 
observed His to be among the most degraded and Ser and Tyr to be among the least 
degraded AA. For LFDG, His, Lys, Orn, and Trp were the most degraded while Glu and 
Leu were the least. Observations for essential AA in LFDG are in agreement with those 
of Mjoun (2010). For SBM and ESBM, Arg, His, Lys, Orn, and Trp were among the 
most degraded and the Met and the branched-chain AA were the least degraded. These 
observations agree with others (Borucki Castro et al., 2007; Maxin et al., 2013). Ruminal 
degradation of AA can be influenced by protein types in the feedstuffs and their inherent 
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characteristics and AA profiles (van Straalen et al., 1997) and also by the different 
processing. 
RUP and AA profile of RUP 
Rumen undegradable protein and AA profile of RUP after 16 h in situ incubation 
are shown in Table 3.4. In general, correction for BCP contamination using either purines 
or DNA as bacterial markers resulted in similar ranking of the RUP values across 
feedstuffs. In addition, correction for BCP contamination did not change ranking of the 
RUP values when compared to uncorrected values. For absolute values of RUP, 
correcting for BCP contamination had considerable impacts on CM, LFDG, and ESBM 
(Figure 1). Estimations of BCP contamination for BM1, BM2, BM3, and SBM were 
similar for both purines or DNA and averaged 0.71, 0.41, 0.59, and 1.98%, respectively. 
Compared to purines, estimates of BCP contamination were higher (P = 0.05) for CM 
and lower for LFDG (P = 0.001) and ESBM (P < 0.001) when using DNA as bacterial 
marker. A main assumption when using purines as a bacterial marker is that all purines 
measured are from microbial origin; however, undegraded purines within the feedstuffs 
can result in an overestimation of BCP contamination. On the other hand, the DNA 
marker used in this study did not account for all the rumen microbial species since it was 
specific for bacteria which could have led to underestimation of BCP contamination.  
In vitro methods avoid errors that emerge with the interactions of bag and 
feedstuffs characteristics and allow for more uniform settings to characterize feedstuffs. 
Compared to the RUP values estimated from the mobile bag technique, marked 
differences were observed for the RUP mean values of BM1, BM3, CM, and LFDG 
estimated using the in vitro procedure. An advantage of using the in vitro procedure used 
in this experiment is that it avoids errors associated with the washout of residue (Corrigan 
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et al., 2009); however, it is important to note that within feedstuffs loads a wide range of 
variations were observed (CV ranged from 8.85 to 46.0%). Similar to the mobile bag 
technique, the in vitro procedure may not be adequate for all feedstuffs and more research 
is needed to elucidate the factors that cause variability in the estimation of CP 
degradation when using this procedure. 
That the AA profile of the RUP of feedstuffs varied compared to the original AA 
profile was not surprising due to the variation of ruminal degradation of AA. This 
observation is in  agreement with others (Kelzer et al., 2010; Maxin et al., 2013). Across 
feedstuffs, ruminal incubation decreased the concentration of His and Trp. The 
concentration  of Lys decreased across feedstuffs but for CM and the decrease was more 
pronounced for LFDG. For nonessential AA, ruminal incubations decreased the 
concentration of Tyr across feedstuffs. The AA profile of the RUP after 16 h in situ 
incubation corrected for BCP contamination is shown in Table 3.5. Overall, ranking of 
AA across feedstuffs were similar to uncorrected values using both methods. 
Intestinal digestibility of RUP and AA in RUP  
Intestinal digestibility of RUP and AA in the RUP and total tract digestibility of 
DM and CP are shown in Table 3.6. Across feedstuffs, total tract digestibility of DM was 
lowest for CM and LFDG, 80.3 and 81.4%, respectively. Total tract digestibilities of DM 
for BM1, BM3, and SBM was high (>98%) and regrettably we did not recover adequate 
amounts of residue for CP and AA analyses thus total tract digestibility of CP and 
intestinal digestibility of RUP and AA in RUP for these feedstuffs could not be described. 
For ESBM, intestinal digestibility of AA in RUP could not be determined. Intestinal 
digestibility of RUP was highest (P <0.001) for SBM, followed by BM2 and LFDG, and 
lowest for CM. Observations for LFDG (Kelzer et al., 2010), and SBM (Borucki Castro 
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et al., 2007) agree with published values. Using the mobile bag technique, Eramus et al. 
(1994) reported that the intestinal digestibility of RUP of blood meal was 56.3% which is 
lower than the 87.9% observed for BM2 in this study while Harstad and Prestlokken 
(2001) reported that the intestinal digestibility of RUP of CM was 94.6% which is higher 
than the 72.4% observed in this study. Intestinal digestibilities of AA in the RUP across 
feedstuffs were high and when compared to the intestinal digestibility of the RUP marked 
differences were observed specially for CM and LFDG. Models should consider these 
differences in order to more accurately estimate the AA supply from the RUP of 
feedstuffs. 
Intestinal absorbable AA 
 Intestinal absorbable AA supplied by the RUP and intestinal absorbable dietary 
protein are shown in Table 3.7. Intestinal absorbable dietary protein was higher (P < 
0.001) for BM2 compared to CM and LFDG, 61.7, 17.8, and 20.7% CP, respectively. 
Using the modified 3-step procedure (Gargallo et al., 2006) to estimate intestinal 
digestibility of RUP from LFDG obtained by a solvent extraction process, Mjoun et al. 
(2010) reported a greater intestinal absorbable dietary protein value of 55.2 % CP. 
Intestinal absorbable AA supplied by the RUP of BM2 were higher (P < 0.001) for BM2 
compared to CM and LFDG, 37.2, 9.78, and 10.2% CP, respectively. Consequently, 
absorbable supply of all EAA except for Ile was higher (P < 0.001) for BM2 than CM 
and LFDG. 
 
CONCLUSIONS 
 Rumen degradation can have substantial impacts on the AA profile of feedstuffs 
thus the assumption of similar AA profile between the RUP fraction of a feedstuff and 
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the original feedstuff adds error to the estimation of metabolizable AA. Data suggests that 
new coproducts generated from the corn-ethanol industry , specifically, LFDG have a 
lower RUP value than conventional dried distillers grains. Supply of intestinal absorbable 
essential AA was greater for BM2 than CM and LFDG. Compared to purines as bacterial 
marker, lower estimation of BCP contamination when using a DNA marker could be 
attributed to an underestimation of the microbial mass since the DNA marker might not 
be present across all microbial species. 
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Table 3.1. Chemical composition of feedstuffs 
 Feeds
1 
 BM1  BM2  BM3  CM  LFDG  SBM  ESBM 
Item
2 
Mean SD  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 
DM 94.4 0.30  86.7 0.85  87.0 1.66  90.7 0.40  89.2 1.52  88.6 0.33  88.9 0.43 
CP 96.1 1.27  96.3 0.51  97.6 0.46  40.7 0.11  31.4 0.90  51.5 0.68  46.4 0.65 
ADF 0.42 0.04  0.40 0.07  0.38 0.04  18.5 0.76  10.5 1.49  4.12 0.41  8.34 0.80 
NDF 0.66 0.05  0.66 0.09  0.66 0.05  28.8 2.51  31.6 0.51  7.52 0.29  18.7 0.63 
Lignin 0.09 0.02  0.11 0.01  0.12 0.02  8.33 0.28  2.99 0.22  0.56 0.06  2.58 0.57 
Sugar 0.50 0.34  0.74 0.55  0.28 0.18  10.4 0.55  3.26 0.92  15.2 0.72  13.4 0.83 
Crude fat 0.33 0.22  0.69 0.05  0.43 0.12  4.21 0.31  6.11 0.20  1.29 0.26  6.48 0.47 
NFC
3 
0.47 0.41  0.44 0.55  0.09 0.25  18.0 2.28  25.0 0.91  32.9 0.50  22.1 1.88 
Ash 2.44 0.61  1.91 0.27  1.21 0.25  8.24 0.73  5.95 0.73  6.79 0.20  6.35 0.23 
Ca 0.02 <0.01  0.05 <0.01  0.05 0.01  1.00 0.36  0.06 0.03  0.53 0.09  0.41 0.02 
P 0.18 0.09  0.07 <0.01  0.07 0.01  1.12 0.03  1.04 0.05  0.78 0.03  0.76 0.04 
Mg 0.01 <0.01  0.02 <0.01  0.01 <0.01  0.61 0.02  0.41 0.01  0.34 0.01  0.34 0.02 
K 0.26 0.01  0.23 0.03  0.17 0.05  1.29 0.04  1.37 0.09  2.58 0.17  2.47 0.17 
S 0.57 <0.01  0.69 0.02  0.71 0.01  0.75 0.01  1.00 0.11  0.41 0.01  0.33 0.01 
Na 0.83 0.04  0.49 0.03  0.27 0.03  0.12 0.08  0.28 0.05  0.02 0.01  0.07 0.01 
Cl 0.28 0.02  0.35 0.02  0.27 0.05  0.07 <0.01  0.18 0.01  0.07 0.01  0.02 <0.01 
Fe (mg/kg) 2193 87.3  2425 31.4  2520 21.7  270 66.7  91.6 9.56  112 10.2  174 54.1 
Mn 
(mg/kg) 
0.20 0.44  
1.20 0.45  1.00 
<0.01  70.4 1.82  17.4 1.34  40.8 1.79  36.8 2.17 
Zn (mg/kg) 18.6 2.07  24.0 1.41  23.0 1.87  65.2 3.63  75.6 3.78  59.2 10.5  62.4 10.3 
Cu (mg/kg) 3.00 <0.01  7.20 1.10  6.40 1.14  5.20 0.45  3.00 0.71  17.2 0.84  16.2 1.10 
1
BM1, BM2, and BM3 = blood meal from source 1, source 2, and source 3, respectively; CM = canola meal; LFDG = low-fat 
distillers dried grains with solubles; SBM = soybean meal;  ESBM = expeller SBM.  
2
Values are expressed in % DM unless otherwise noted. 
3
NFC = 100 – (% NDF + % CP + % fat + % ash). 
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Table 3.2. Amino acid composition of feedstuffs and ruminal bacteria 
 Feedstuffs1    
 BM1  BM2  BM3  CM  LFDG  SBM  ESBM  Bacteria 
Item, % CP Mean SD  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 
EAA2                        
Arg 3.65 0.09  4.26 0.03  4.20 0.07  5.93 0.05  4.64 0.32  7.23 0.14  6.82 0.12  4.12 0.02 
His 6.56 0.12  6.40 0.15  6.21 0.09  2.66 0.04  2.86 0.18  2.58 0.03  2.52 0.03  1.57 0.02 
Ile 0.37 0.01  0.87 0.01  0.85 0.03  3.90 0.04  3.89 0.14  4.30 0.10  4.51 0.08  4.58 0.09 
Leu 14.0 0.30  14.1 0.24  13.8 0.15  7.07 0.08  11.5 0.15  7.68 0.08  7.70 0.09  6.38 0.15 
Lys 9.54 0.22  10.2 0.07  10.0 0.15  5.36 0.07  3.48 0.42  6.27 0.06  5.54 0.09  5.82 0.19 
Met 1.28 0.04  1.45 0.01  1.44 0.04  1.94 0.03  2.02 0.18  1.34 0.03  1.27 0.02  1.99 0.01 
Phe 7.65 0.16  7.76 0.05  7.66 0.09  4.03 0.06  4.92 0.08  4.98 0.06  5.02 0.06  4.10 0.11 
Thr 4.27 0.17  4.88 0.14  4.92 0.10  4.13 0.07  3.80 0.12  3.81 0.06  3.71 0.08  4.31 0.12 
Trp 1.77 0.15  1.87 0.06  1.87 0.13  1.39 0.06  0.86 0.04  1.71 0.05  1.60 0.02  1.27 0.05 
Val 9.30 0.20  9.47 0.24  9.15 0.13  5.14 0.06  5.33 0.27  4.52 0.09  4.81 0.11  5.27 0.08 
TEAA3 58.3 1.13  61.2 0.61  60.1 0.83  41.5 0.32  43.3 1.59  44.4 0.47  43.5 0.53  39.4 0.70 
NEAA4                        
Ala 8.58 0.21  8.49 0.06  8.36 0.11  4.36 0.06  7.20 0.23  4.28 0.05  4.29 0.06  6.23 0.07 
Asp 9.94 0.24  10.6 0.05  10.5 0.13  6.88 0.07  6.64 0.32  11.1 0.14  10.9 0.14  9.49 0.22 
Cys 0.50 0.02  0.97 0.01  0.97 0.03  2.29 0.04  2.01 0.16  1.31 0.02  1.05 0.10  0.82 0.02 
Glu 7.62 0.24  9.05 0.04  8.86 0.16  16.5 0.17  14.5 0.47  17.6 0.20  17.1 0.25  10.3 0.24 
Gly 4.28 0.11  4.36 0.02  4.28 0.05  5.04 0.06  4.71 0.83  4.19 0.03  4.26 0.05  5.04 0.07 
Hyp 0.01 0.01  0.01 0.01  0.01 0.02  0.81 0.07  0.31 0.08  0.09 0.05  0.23 0.03  0.05 0.07 
Orn 0.07 0.02  0.09 0.01  0.08 <0.01  0.05 <0.01  0.18 0.02  0.11 0.02  0.13 0.01  0.17 0.02 
Pro 3.59 0.08  4.20 0.10  4.10 0.07  6.11 0.13  8.30 0.17  5.10 0.09  5.03 0.14  3.07 0.23 
Ser 3.88 0.41  4.31 0.29  4.44 0.10  3.55 0.07  4.14 0.13  4.34 0.07  4.14 0.17  3.19 0.09 
Tau 0.01 <0.01  0.01 <0.01  0.01 <0.01  0.05 0.04  0.06 0.02  0.04 0.01  0.04 0.01  0.02 <0.01 
Tyr 2.57 0.07  3.14 0.04  3.08 0.05  2.71 0.04  3.66 0.27  3.54 0.03  3.50 0.05  3.89 0.12 
Total AA5 98.8 1.73  100 <0.01  100   <0.01  90.2 0.78  95.0 2.95  96.2 0.99  94.2 1.25  81.8 1.35 
1
BM1, BM2, and BM3 = blood meal from source 1, source 2, and source 3, respectively; CM = canola meal; LFDG = low-fat distillers dried grains 
with solubles; SBM = soybean meal;  ESBM = expeller SBM. Feedstuffs n = 5 and ruminal bacterial n = 2. 
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2
EAA = essential AA.  
3
TEAA = total EAA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val).  
4
NEAA = nonessential AA.  
5
Total AA = EAA + NEAA. 
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Table 3.3. Ruminal degradation of dry matter, crude protein, and amino acids after 16 h 
in situ incubation 
 Feeds
1 
  
Item, %
 
BM1 BM2 BM3 CM LFDG SBM ESBM SEM P-value 
DM 83.5
a 
22.6
f 
40.8
e 
68.6
c 
71.9
bc 
78.9
ab 
57.2
d 
3.18 <0.001 
CP 85.3
a 
29.8
d 
40.7
c 
75.7
b 
76.9
ab 
68.8
b 
37.0
cd 
3.93 <0.001 
EAA
2 
         
Arg 83.4
a 
29.1
d 
45.4
c 
77.3
ab 
83.3
a 
71.3
b 
36.4
d 
3.38 <0.01 
His 85.2
a 
32.8
d 
47.9
c 
80.7
a 
85.9
a 
70.9
b 
40.8
c 
3.26 <0.01 
Ile 79.4
a 
27.1
d 
41.8
c 
71.6
a 
75.2
a 
63.0
b 
31.6
d 
3.75 <0.01 
Leu 84.6
a 
31.3
d 
47.5
c 
72.9
b 
68.6
b 
65.4
b 
30.9
d 
3.68 <0.01 
Lys 84.7
a 
32.7
d 
48.4
c 
76.1
b 
85.4
a 
70.2
b 
38.8
d 
3.25 <0.01 
Met 81.5
a 
26.8
e 
44.0
c 
75.5
a 
74.3
a 
64.7
b 
34.1
e 
3.59 <0.01 
Phe 83.9
a 
30.1
d 
46.5
c 
71.6
b 
71.2
b 
66.5
b 
31.4
d 
3.52 <0.01 
Thr 83.0
a 
26.9
e 
45.1
d 
70.0
bc 
77.2
ab 
66.7
c 
32.5
e 
3.37 <0.01 
Trp 91.7
a 
53.4
d 
55.4
d 
80.4
b 
84.6
b 
70.8
c 
43.7
e 
2.37 <0.01 
Val 84.3
a 
28.5
e 
45.1
d 
71.1
b 
78.1
ab 
60.6
c 
30.4
e 
4.15 <0.01 
TEAA
3 
84.5
a 
31.1
e 
46.9
d 
74.0
bc 
76.1
b 
67.1
c 
34.1
e 
3.50 <0.01 
NEAA
4        
  
Ala 84.6
a 
31.4
d 
47.9
c 
72.7
b 
72.7
b 
66.1
b 
33.7
d 
3.65 <0.01 
Asp 83.5
a 
28.4
e 
45.0
d 
71.3
bc 
76.9
ab 
68.1
c 
32.8
e 
3.60 <0.01 
Cys 83.1
a 
28.2
d 
43.1
c 
81.1
a 
83.0
a 
67.7
b 
40.2
c 
3.77 <0.01 
Glu 83.2
a 
28.2
d 
44.3
c 
80.3
a 
68.2
b 
71.1
b 
34.3
d 
3.68 <0.01 
Gly 84.5
a 
32.0
e 
47.3
d 
75.7
b 
83.5
a 
68.0
c 
37.4
e 
3.64 <0.01 
Orn 86.9
ab 
47.4
d 
60.7
c 
58.1
c 
92.5
a 
82.2
b 
56.7
c 
3.31 <0.01 
Pro 84.4
a 
33.7
e 
50.1
d 
77.6
ab 
76.6
bc 
70.2
c 
36.5
e 
3.30 <0.01 
Ser 82.0
a 
21.2
d 
42.8
c 
69.6
b
 74.9
ab 
66.5
b 
29.6
d 
3.61 <0.01 
Tyr 84.9
a 
33.1
d 
48.7
c 
69.9
b 
73.1
b 
66.1
b 
33.0
d 
3.56 <0.01 
1
BM1, BM2, and BM3 = blood meal from source 1, source 2, and source 3, respectively; 
CM = canola meal; LFDG = low-fat distillers dried grains with solubles; SBM = soybean 
meal;  ESBM = expeller SBM.  
2
EAA = essential AA. 
3
TEAA = total EAA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
4
NEAA = nonessential AA.  
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Table 3.4. Rumen undegradable protein and amino acid profile of rumen undegradable 
protein after 16 h in situ incubation  
 Feeds
1 
  
Item
 
BM1 BM2 BM3 CM LFDG SBM ESBM SEM P-value 
RUP
2
, % CP 
       
  
mobile bag 14.7
d 
70.2
a 
59.3
b 
24.3
c 
23.1
cd 
31.2
c 
63.0
ab 
3.93 <0.001 
purines 14.6
d 
69.8
a 
59.0
b 
23.7
c 
21.6
cd 
30.3
c 
56.2
b 
3.86 <0.001 
DNA  14.6
d 
70.1
a 
58.9
b 
23.2
cd 
22.5
cd 
30.7
c 
61.4
ab 
3.88 <0.001 
in vitro, 18 
h 29.5
c 
65.5
a 
58.8
ab 
27.1
c 
50.6
b 
31.4
c 
63.7
a 
4.56 <0.001 
in vitro, 24 
h 35.4
b 
69.7
a 
76.2
a 
37.1
b 
46.9 33.1
b 
67.8
a 
5.13 <0.001 
in vitro 
mean 32.5
c 
67.6
a 
67.5
a 
32.1
c 
48.8
b 
32.3
c 
65.8
a 
3.46 <0.001 
EAA
3
, % 
RUP       
   
Arg 3.87
e 
4.07
d 
4.10
d 
5.91
c 
3.24
f 
6.75
b 
6.99
a 
0.03 <0.001 
His 6.39
a 
6.02
b 
6.03
b 
2.12
e 
1.74
f 
2.53
c 
2.43
d 
0.04 <0.001 
Ile 0.48
f 
0.86
e 
0.88
e 
4.89
c 
4.08
d 
5.18
a 
4.98
b 
0.03 <0.001 
Leu 13.7
b 
13.1
c 
12.9
d 
8.42
f 
15.3
a 
8.66
e 
8.58
e 
0.05 <0.001 
Lys 9.28
a 
9.22
a 
9.23
a 
5.69
c 
2.13
e 
6.08
b 
5.46
d 
0.04 <0.001 
Met 1.52
c 
1.43
d 
1.44
d 
2.09
b 
2.17
a 
1.54
c 
1.35
e 
0.02 <0.001 
Phe 7.87
a 
7.33
b 
7.33
b 
5.06
f 
6.00
c 
5.43
e 
5.55
d 
0.03 <0.001 
Thr 4.61
c 
4.82
b 
4.83
b 
5.51
a 
3.67
f 
4.13
d 
4.04
e 
0.05 <0.001 
Trp 0.93
d 
1.18
c 
1.50
b 
1.19
c 
0.56
e 
1.63
a 
1.45
b 
0.04 <0.001 
Val 9.28
a 
9.13
b 
8.96
c 
6.58
d 
4.92
g 
5.79
e 
5.38
f 
0.08 <0.001 
TEAA
4
, % 
RUP 57.7
a 
56.9
b
 57.0
b 
47.6
c 
43.8
e 
47.6
c 
46.2
d 
0.12 <0.001 
NEAA
5
, % 
RUP       
   
Ala 8.44
a 
7.85
c 
7.79
d 
5.26
e 
8.29
b 
4.74
f 
4.59
g 
0.03 <0.001 
Asp 10.5
c 
10.3
d 
10.3
d 
8.73
e 
6.46
f 
11.6
b 
11.8
a 
0.03 <0.001 
Cys 0.54
g 
0.94
f 
0.98
e 
1.90
a 
1.44
b 
1.37
c 
1.00
de 
0.01 <0.001 
Glu 8.13
f 
8.77
e 
8.82
e 
14.1
d 
19.4
a 
16.5
c 
18.1
b 
0.18 <0.001 
Gly 4.22
c 
4.00
d 
4.02
d 
5.42
a 
3.21
e 
4.37
b 
4.30
b 
0.04 <0.001 
Orn 0.05
c 
0.06
bc 
0.06
bc 
0.10
a 
0.06
bc 
0.07
b 
0.09
a 
<0.01 <0.001 
Pro 3.55
f 
3.75
e 
3.65
ef 
6.09
b 
8.22
a 
4.96
d 
5.15
c 
0.05 <0.001 
Ser 4.40
d 
4.58
bc 
4.54
cd 
4.78
a 
4.39
d 
4.72
ab 
4.71
ab 
0.07 <0.001 
Tyr 2.47
f 
2.84
e 
2.83
e 
3.61
d 
4.13
a 
3.92
b 
3.78
c 
0.02 <0.001 
1
BM1, BM2, and BM3 = blood meal from source 1, source 2, and source 3, respectively; 
CM = canola meal; LFDG = low-fat distillers dried grains with solubles; SBM = soybean 
meal;  ESBM = expeller SBM.  
2
mobile bag = RUP uncorrected for bacterial CP (BCP) contamination; purines = RUP 
corrected for BCP contamination using purines as a bacterial marker; DNA = RUP 
corrected for BCP contamination using DNA as a bacterial marker; in vitro 18 h, 24 h, or 
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mean = RUP from in vitro procedure at 18 h, 24 h, or the mean of 18 and 24 h, 
respectively. 
3
EAA = essential AA. 
4
TEAA = total EAA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
5
 NEAA = nonessential AA.  
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Table 3.5. Amino acid profile of rumen undegradable protein after 16 h in situ incubation corrected for bacterial crude protein contamination  
 Purines as bacterial marker  DNA as bacterial marker 
 Feeds
1 
   Feeds   
Item
 
BM1 BM2 BM3 CM LFDG SBM ESBM SEM P-
value 
 BM1 BM2 BM3 CM LFDG SBM ESBM SEM P-
value 
EAA
3
, % 
RUP       
    
 
        
Arg 3.87
e 
4.07
d 
4.10
d 
5.95
c 
3.18
f 
6.82
b 
7.33
a 
0.03 <0.001  3.87
e 
4.07
d 
4.10
d 
5.99
c 
3.22
f 
6.79
b 
7.06
a 
0.03 <0.001 
His 6.43
a 
6.05
b 
6.05
b 
2.13
d 
1.76
e 
2.55
c 
2.54
c 
0.04 <0.001  6.43
a 
6.02
b 
6.06
b 
2.14
e 
1.75
f 
2.54
c 
2.45
d 
0.04 <0.001 
Ile 0.45
f 
0.84
e 
0.86
e 
4.90
c 
4.05
d 
5.20
a 
5.02
b 
0.03 <0.001  0.45
e 
0.85
d 
0.86
d 
4.90
b 
4.07
c 
5.19
a 
4.99
b 
0.03 <0.001 
Leu 13.7
b 
13.1
c 
13.0
d 
8.47
f 
15.9
a 
8.72
e 
8.85
e 
0.06 <0.001  13.7
b 
13.1
c 
13.0
c 
8.52
e 
15.5
a 
8.69
d 
8.64
de 
0.06 <0.001 
Lys 9.31
a 
9.24
a 
9.25
a 
5.69
c 
1.87
e 
6.08
b 
5.42
d 
0.04 <0.001  9.30
a 
9.23
a 
9.25
a 
5.69
c
 2.03
e 
6.08
b 
5.45
d 
0.04 <0.001 
Met 1.51
c 
1.43
d 
1.43
d 
2.10
b 
2.19
a 
1.52
c 
1.28
e 
0.02 <0.001  1.51
c 
1.43
d 
1.43
d 
2.10
b 
2.18
a 
1.53
c 
1.34
e 
0.02 <0.001 
Phe 7.89
a 
7.35
b 
7.35
b 
5.08
f 
6.13
c 
5.46
e 
5.73
d 
0.03 <0.001  7.89
a 
7.33
b 
7.35
b 
5.10
f 
6.05
c 
5.44
e 
5.59
d 
0.03 <0.001 
Thr 4.61
c 
4.82
b 
4.83
b 
5.54
a 
3.63
f 
4.13
d 
4.00
e 
0.05 <0.001  4.61
c 
4.82
b 
4.83
b 
5.57
a 
3.66
f 
4.13
d 
4.03
e 
0.05 <0.001 
Trp 0.93
d 
1.18
c 
1.51
b 
1.19
c 
0.52
e 
1.64
a 
1.48
b 
0.04 <0.001  0.93
d 
1.18
c 
1.51
b 
1.19
c 
0.54
e 
1.64
a 
1.46
b 
0.04 <0.001 
Val 9.31
a 
9.16
b 
8.98
c 
6.61
d 
4.90
g 
5.80
e 
5.40
f 
0.09 <0.001  9.31
a 
9.14
b 
8.98
c 
6.64
d 
4.91
g 
5.80
e 
5.39
f 
0.08 <0.001 
TEAA
4
, % 
RUP 58.1
a 
57.3
b 
57.3
b 
47.7
c 
44.1
e 
47.9
c 
47.0
d 
0.13 <0.001  
58.0
a 
57.2
b 
57.4
b 
47.8
c 
43.9
e 
47.8
c 
46.4
d 
0.13 <0.001 
NEAA
5
, % 
RUP       
    
 
        
Ala 8.45
a 
7.87
b 
7.80
c 
5.24
d 
8.43
a 
4.70
e 
4.39
f 
0.03 <0.001  8.45
a 
7.86
c 
7.80
d 
5.22
e 
8.34
b 
4.72
f 
4.55
g 
0.03 <0.001 
Asp 10.5
c 
10.3
d 
10.3
d 
8.71
e 
6.25
f 
11.6
b 
12.0
a 
0.03 <0.001  10.5
c 
10.3
d 
10.3
d 
8.70
e 
6.38
f 
11.6
b 
11.8
a 
0.03 <0.001 
Cys 0.53
g 
0.95
f 
0.98
e 
1.93
a 
1.48
b 
1.39
c 
1.02
d 
0.01 <0.001  0.53
f 
0.95
e 
0.98
d 
1.95
a 
1.45
b 
1.38
c 
1.01
d 
0.01 <0.001 
Glu 8.12
f 
8.76
e 
8.81
e 
14.2
d 
20.0
a 
16.7
c 
19.1
b 
0.18 <0.001  8.12
f 
8.77
e 
8.81
e 
14.3
d 
19.6
a 
16.6
c 
18.3
b 
0.19 <0.001 
Gly 4.22
c 
3.99
d 
4.02
d 
5.43
a 
3.08
e 
4.35
b 
4.21
c 
0.04 <0.001  4.22
c 
4.00
d 
4.02
d 
5.44
a 
3.16
e 
4.36
b 
4.28
c 
0.04 <0.001 
Orn 0.05
c 
0.06
c 
0.06
c 
0.10
a 
0.05
c 
0.06
c 
0.08
b 
0.01 <0.001  0.05
b 
0.06
b 
0.06
b 
0.10
a 
0.05
b 
0.07
b 
0.09
a 
0.01 <0.001 
Pro 3.55
f 
3.76
e 
3.66
ef 
6.17
b 
8.58
a 
5.02
d 
5.40
c 
0.05 <0.001  3.55
f 
3.76
e 
3.66
ef 
6.24
b 
8.36
a 
4.99
d 
5.21
c 
0.05 <0.001 
Ser 4.40
c 
4.59
b 
4.54
bc 
4.82
a 
4.48
bc 
4.76
a 
4.89
a 
0.08 <0.001  4.40
d 
4.58
bc 
4.55
cd 
4.85
a 
4.43
cd 
4.74
a 
4.74
a 
0.07 <0.001 
Tyr 2.46
f 
2.83
e 
2.82
e 
3.61
d 
4.14
a 
3.92
b 
3.77
c 
0.03 <0.001  2.46
f 
2.84
e 
2.82
e 
3.60
d 
4.13
a 
3.92
b 
3.78
c 
0.02 <0.001 
1
BM1, BM2, and BM3 = blood meal from source 1, source 2, and source 3, respectively; CM = canola meal; LFDG = low-fat distillers dried grains with 
solubles; SBM = soybean meal;  ESBM = expeller SBM.  
3
EAA = essential AA. 
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4
TEAA = total EAA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
5
 NEAA = nonessential AA.  
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Table 3.6. Intestinal digestibility of rumen undegradable protein and amino acids in the 
rumen undegradable protein and total tract digestibility of dry matter and crude protein
1 
 Feeds
2 
  
Item BM1 BM2 BM3 CM LFDG SBM ESBM SEM P-value 
 Intestinal digestibility, %
 
  
RUP 
 
87.9
b  
72.4
c 
89.7
b 
 98.8
a 
1.40 <0.001 
EAA 
       
  
Arg 
 
88.7
b  
91.4
b 
98.7
a 
  1.29 <0.001 
His 
 
88.3
b  
88.
b
3 98.5
a 
  1.47 <0.001 
Ile 
 
89.7
b  
90.7
b 
99.0
a 
  1.26 <0.001 
Leu 
 
88.1
c  
92.0
b 
99.5
a 
  1.33 <0.001 
Lys 
 
88.8
b  
88.0
b 
96.5
a 
  1.35 <0.001 
Met 
 
88.9
c 
 92.6
b 
99.4
a 
  1.21 <0.001 
Phe 
 
88.4
b  
90.0
b 
98.9
a 
  1.36 <0.001 
Thr 
 
88.3
b  
88.4
b 
97.3
a 
  1.39 <0.001 
Trp 
 
87.8
d  
92.6
c 
95.5
bc 
  1.27 <0.001 
Val 
 
87.8
b  
88.7
b 
99.0
a 
  1.39 <0.001 
TEAA 
       
  
NEAA 
       
  
Ala 
 
88.4
b  
91.0
b 
99.1
a 
  1.32 <0.001 
Asp 
 
88.4
b  
90.0
b 
98.5
a 
  1.33 <0.001 
Cys 
 
88.4
b  
85.5
b 
98.7
a 
  1.55 <0.001 
Glu 
 
88.6
c  
92.3
b 
99.4
a 
  1.29 <0.001 
Gly 
 
88.4
b  
89.1
b 
97.1
a 
  1.39 <0.001 
Orn 
 
89.0
c  
88.4
c 
93.4
b 
  1.93 <0.001 
Pro 
 
87.8
b  
84.5
b 
98.2
a 
  1.61 <0.001 
Ser 
 
88.0
b  
88.8
b
 98.8
a 
  1.36 <0.001 
Tyr 
 
88.4
b  
89.8
b 
98.9
a 
  1.36 <0.001 
 Total tract digestibility, %   
DM 99.9
a 
90.4
c 
98.9
a 
80.3
d 
81.4
d 
98.5
a 
95.1
b 
0.67 <0.001 
CP 
 
91.5
d  
93.5
c 
97.6
b 
 99.3
ab 
0.64 <0.001 
1
Residue recovered after intestinal incubation for BM1, BM3, SBM, and ESBM did not 
provide enough sample for analyses missing in this table. 
2
BM1, BM2, and BM3 = blood meal from source 1, source 2, and source 3, respectively; 
CM = canola meal; LFDG = low-fat distillers dried grains with solubles; SBM = soybean 
meal;  ESBM = expeller SBM.  
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Table 3.7. Intestinal absorbable amino acids supplied by the rumen undegradable 
protein
1 
 Feeds
2  
 
Item, % CP
 
BM2 CM LFDG SEM P-value 
EAA
3
      
Arg 2.68
a 
1.24
b 
0.76
c 
0.11 <0.001 
His 3.80
a 
0.46
b 
0.39
b 
0.09 <0.001 
Ile 0.57
b 
1.01
a 
0.95
a 
0.08 0.005 
Leu 8.55
a 
1.77
c 
3.59
b 
0.28 <0.001 
Lys 6.07
a 
1.13
b 
0.48
c 
0.15 <0.001 
Met 0.94
a 
0.44
b 
0.51
b 
0.05 <0.001 
Phe 4.80
a 
1.04
b 
1.40
b 
0.14 <0.001 
Thr 3.15
a 
1.10
b 
0.84
b 
0.11 <0.001 
Trp 0.77
a 
0.25
b 
0.13
c 
0.04 <0.001 
Val 5.95
a 
1.32
b 
1.15
b 
0.17 <0.001 
TEAA
4
 37.2
a 
9.78
b 
10.2
b 
1.16 <0.001 
NEAA
5
      
Ala 5.15
a 
1.09
c 
1.94
b 
0.16 <0.001 
Asp 6.72
a 
1.79
b 
1.50
b 
0.20 <0.001 
Cys 0.62
a 
0.37
b 
0.33
b 
0.04 <0.001 
Glu 5.76
a 
3.02
c 
4.55
b 
0.35 <0.001 
Gly 2.62
a 
1.10
b 
0.73
c 
0.10 <0.001 
Orn 0.04
a 
0.02
b 
0.01
c 
<0.01 <0.001 
Pro 2.44
a 
1.17
c 
1.91
b 
0.13 <0.001 
Ser 2.99
a 
0.97
b 
1.02
b 
0.11 <0.001 
Tyr 1.86
a 
0.74
b 
0.96
b 
0.08 <0.001 
IADP
6 
61.7
a 
17.8
b 
20.7
b 
2.18 <0.001 
1
Absorbable amino acid supplied by RUP was calculated as (100 - ruminal degradation) 
× (intestinal digestibility) × AA concentration in the feed. 
2
BM2 = blood meal from source 2; CM = canola meal; LFDG = low-fat distillers dried 
grains with solubles. 
3
EAA = essential AA.  
4
TEAA = total EAA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val).  
5
NEAA = nonessential AA.  
6
IADP = Intestinal absorbable dietary protein, estimated by multiplying RUP by its 
intestinal digestibility.  
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Figure 3.1. Bacterial CP contamination determined by the use of purines or DNA as 
bacterial markers. Values shown are mean ± SEM. Within feedstuff, * P = 0.05 and ** P 
< 0.01 different from purines as bacterial marker. Interaction feedstuff × method = P < 
0.01. 
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Evaluation of rumen protected lysine supplementation to lactating dairy cows 
consuming increasing amounts of distillers dried grains with solubles
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ABSTRACT 
Twenty multiparous Holstein cows were used in 4, 5 × 5 Latin squares to 
determine the effects of feeding increasing amounts of distillers dried grains with 
solubles (DDGS) in diets with or without the supplementation (60 g/d) of a rumen 
protected Lys (RPL) product (AminoShure
®
-L; L-Lys 38%) on milk yield and 
composition and plasma concentration of AA. Dietary treatments were 1) Control, no 
DDGS (CON) 2) 10% DDGS (10DG), 3) 20% DDGS (20DG), 4) 10% DDGS plus RPL 
(10DGRPL), and 5) 20% DDGS plus RPL (20DGRPL). Diets were formulated using the 
Cornell-Penn-Miner Dairy model (v3.0) to provide a predicted decreasing supply of Lys, 
117, 99, and 91% of requirements, for the CON, 10DG, and 20DG diets, respectively. 
Addition of RPL to the 10 and 20DG diets (unsupplemented diets) resulted in two 
additional treatments, 10 and 20DGRPL diets, respectively. The 10 and 20DGRPL diets 
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met 110 and 100% of the Lys requirements, respectively. Periods lasted 21 d with the last 
3 d for data collection. Compared to cows fed the CON diet, cows fed diets with DDGS 
had a similar DMI (25.4 ± 0.88 kg/d), milk yield (30.7 ± 1.67 kg/d) and composition 
except for protein percentage which was higher (3.15 vs. 3.21 ± 0.05%) and resulted in 
higher (0.94 vs. 1.00 ± 0.05 kg/d) protein yield by cows fed diets containing 20% DDGS. 
Unexpectedly, despite diets being formulated based on predicted DMI of 23.3 kg/d and 
milk yield of 38.5 kg/d, cows had a greater DMI and lower milk yield across all 
treatments which resulted in diets that were predicted by CPM Dairy to supply sufficient 
amounts of Lys (140, 118, 104% of requirement for the CON, 10DG, and 20DG diet, 
respectively) and  consequently, supplementation with RPL did not have an effect on 
milk production or composition. Plasma concentration of Lys decreased (11.8%) as 
DDGS inclusion increased. For other essential AA, plasma concentrations of cows fed 
diets with DDGS were lower for Arg, His, and Val and greater for Leu and Met 
compared to cows fed the CON diet. Supplementation with RPL failed to decrease the 
plasma concentration of other essential AA which provides support that Lys was not 
limiting.  
Key words: dairy cow, distillers dried grains with solubles, rumen protected lysine 
 
INTRODUCTION 
Increase in the availability and quality of distillers dried grains with solubles 
(DDGS) generated from the corn ethanol industry has promoted the development of 
research oriented towards finding the most effective ways to utilize this coproduct for 
milk production. This feed ingredient is characterized by a high concentration of CP (30% 
of DM) and energy (2.26 Mcal/kg of NEL) (Schingoethe et al., 2009), but low Lys 
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concentration (1.86% of RUP) (Kelzer et al., 2010). Despite low levels of metabolizable 
Lys coming from DDGS, only a few studies (Owen and Larson, 1991; Kleinschmit et al., 
2006; Mjoun et al., 2010b) have reported negative impacts on milk protein when feeding 
DDGS. One potential reason for this is that in studies where milk protein did not change 
(Janicek et al., 2008; Zhang et al., 2010) the diets fed were high in CP concentration 
(>18.0% of DM) and as a consequence, even if the dietary Lys concentration (% of CP) 
was low, the total amount of Lys supplied to the cows met or exceeded the requirement. 
The feeding of high CP diets may be problematic because of the excessive amount of N 
excreted by the cow into the environment (Frank and Swensson, 2002). As a result there 
is a current need to evaluate the impact of feeding DDGS in diets not containing 
excessive amounts of CP. 
Supplementation of rumen protected AA has proven to be an effective route to 
supply limiting AA in dairy diets (NRC, 2001). However, information about 
supplementation of individual rumen protected essential AA (EAA) is limited except  for 
Met (Patton, 2010). Lysine is cited as the most limiting AA in diets that rely on corn-
based ingredients (NRC, 2001), thus high inclusion of DDGS has not been favored in the 
field (Schwab, 2010). Supplementation of rumen protected Lys (RPL) could be 
beneficial if Lys is limiting in diets with DDGS. The objective of this study was to 
evaluate the effects of feeding increasing amounts of DDGS in diets with or without the 
supplementation of a RPL product on milk yield and composition and plasma 
concentration of AA. 
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MATERIALS AND METHODS 
Animals and experimental treatments 
Twenty multiparous Holstein cows averaging 62 ± 28 DIM were assigned to 1 of 
4, 5 × 5 Latin squares. Cows were blocked by milk yield and DIM and then treatments 
were randomly assigned to cows. Experimental periods lasted 21 d with 18 d for diet 
adaptation and 3 d for data collection. During the entire experiment, cows were housed in 
a tie stall barn, fed once daily at 0900 h for ad libitum consumption to ensure at least 5% 
orts, and had continuous access to water. Additionally, cows were milked twice daily at 
0700 h and 1900 h. Animal care and experimental procedures were approved by the 
University of Nebraska-Lincoln Animal Care and Use Committee. 
Diets were comprised of 53.3% forage and 46.7% concentrate (Table 4.1). 
Forages and cottonseed were premixed in a mixer wagon (Roto-Mix 312, Dodge City, 
KS). In addition to the premixed forages and cottonseed, the specific concentrate of each 
diet was added into the Calan Data Ranger (American Calan, Inc., Northwood, NH) to 
prepare the TMRs. Diets were formulated using the Cornell-Penn-Miner (CPM) Dairy 
model (Boston et al., 2000) to be isoenergetic (2.59 Mcal/kg of ME) and isonitrogenous 
(16.4% CP DM basis) but were expected to provide a decreasing supply of MP-Lys. The 
latter was achieved by using DDGS to replace supplements higher in Lys. Dietary 
treatments were 1) Control, no DDGS (CON) 2) 10% DDGS (10DG), 3) 20% DDGS 
(20DG), 4) 10% DDGS plus RPL (10DGRPL), and 5) 20% DDGS plus RPL 
(20DGRPL). Based on the CPM Dairy predictions, the CON diet was formulated to meet 
or exceed the requirements of a lactating dairy cow weighing 680 kg, with a BCS of 3.00, 
consuming 23.3 kg of feed daily, and producing 38.5 kg of milk daily with a composition 
of 3.0 and 3.5% of true protein and fat, respectively. In the CON diet, Lys was predicted 
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to supply 6.86% of the MP and meet 117% of the MP-Lys requirements of the animals. 
Two more treatments containing increasing amounts of DDGS, were formulated and Lys 
was predicted to supply 6.38 and 5.88% of the MP and meet 99 and 91% of the MP-Lys 
requirements of the animals, 10DG and 20DG diets; respectively, and these two diets will 
be referred as unsupplemented diets. Two additional treatments (10DGRPL and 
20DGRPL diets) were achieved by supplementing the 10DG and 20DG diets with a RPL 
product (AminoShure
®
-L, L-Lysine 38%; Balchem Encapsulates, New Hampton, NY) 
once daily at 60 g/d via top dressing evenly over the TMR. Supplemented RPL was 
estimated to provide 14.6 g of MP-Lys; consequently, the 10DGRPL and 20DGRPL diets 
met 110 and 100% of the MP-Lys requirements of the animals. To ensure that all diets 
provided sufficient Met to avoid Met limiting potential milk protein responses by Lys 
supplementation, MetaSmart dry (Adisseo Inc., Antony, France) was added at a rate of 29 
g/d per cow. 
Experimental measures and sample analysis 
Feed intake, orts, and milk production were recorded daily during the entire 
experiment. Dry matter concentrations of corn and alfalfa silages were determined 
weekly (microwave oven; Oetzel et al., 1993) and their respective inclusion in the diet 
was adjusted to account for DM variation. During the sampling period, forages, 
cottonseed, DDGS, concentrates, and TMRs of the unsupplemented diets were sampled 
daily, refrigerated (4 °C), and composited at the end of each period. Composite samples 
of forages, cottonseed, DDGS, and concentrates were divided into two subsamples. One 
subsample from each composite was dried for 48 h at 55°C in a forced air oven, 
subsequently ground with a Wiley Mill (1-mm screen, Arthur A. Thomas Co., 
Philadelphia, PA) and then reground with a Cyclotec 1093 mill (Tecator 1093, Hogans, 
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Sweden) to ensure uniform particle size. Ground samples were sent to the Experimental 
Station Chemical Laboratories, University of Missouri-Columbia (Columbia, MO) and 
analyzed for AA (method 982.30 E; AOAC, 2006) using a Hitachi L-8800 amino acid 
analyzer (Hitachi Co., Tokyo, Japan). The other subsample from each composite was sent 
to Cumberland Valley Analytical Services Inc. (Hagerstown, MD) for standard analysis 
which included DM, N (Leco FP-528 Nitrogen Combustion Analyzer; Leco Corp., St. 
Joseph, MI 49085), unavailable protein (haylages only), adjusted protein, soluble protein, 
degradable protein (calculated for forages only), ADF (method 973.18; AOAC, 2000), 
NDF (Van Soest et al., 1991), ether extract (2003.05; AOAC, 2006), ash (942.05; AOAC, 
2000), NFC, Ca, P, Mg, K, Na, Fe, Mn, Zn, Cu and pH analysis (ensiled silages) (Mettler 
DL12 Titrator; Mettler-Toledo Inc., Columbus, OH). Two subsamples from the TMR 
composites were taken. One subsample was analyzed for DM (48 h 55°C oven) and the 
other was used to evaluate particle size using the Penn State Particle Separator (PSPS) as 
described by Heinrichs and Kononoff (2002). The remaining portion of the TMR 
composites was frozen (-20 °C). Chemical composition of the diets was calculated based 
on the analysis of the forages, cottonseed, and concentrates and their respective 
proportions in the diets. 
Body weight was measured daily and BCS was measured once during each 
sampling period. Body condition was scored independently by 2 trained individuals using 
a method similar to that of Wildman et al. (1982) and the mean of the scores represented 
the measured BCS for each cow during each period. Milk samples were collected during 
6 consecutive milkings (a.m. and p.m.) during the sampling period and were preserved 
using 2-bromo-2nitropropane-1,3 diol. Milk samples were analyzed for true protein, fat, 
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and MUN using a B200 Infrared Analyzer (Bentley Instruments, Chaska, MN) by Heart 
of America DHIA (Manhattan, KS). 
On the third day of the sampling period, blood was collected at 8 and 12 h after 
feeding via venipuncture of the coccygeal artery into 10-mL evacuated tubes containing 
K2EDTA (Becton Dickinson and Co., Rutherford, NJ). Samples were immediately placed 
in an ice bath and centrifuged within 45 min at 3,300 × g for 20 min. An aliquot of 4 mL 
of plasma was deproteinized (4 vol of plasma were vortexed with 1 vol of 15% 
sulfosalicylic acid) and then placed in the refrigerator for 10 min at 4°C before 
centrifuging at 3,300 × g for 20 min. The supernatant was collected and 0.30-mL aliquots 
were placed into Nunc CryoTube vials (Nalge Nunc International, Roskilde, Denmark) 
and stored at –20°C. Supernatants obtained from both sampling times were pooled for 
each cow during each period and then samples were taken to the laboratory and stored at 
-80°C until analyzed for plasma free AA (Fekkes, 1996) using a Hitachi L-8800 amino 
acid analyzer by the Experimental Station Chemical Laboratories, University of 
Missouri-Columbia. Plasma AA concentrations (µg/mL) were adjusted to account for the 
use of 15% sulfosalicylic acid. 
Statistical analysis 
Analyses of animal responses and plasma concentration of AA were performed on 
period means of each cow. Data were analyzed as a replicated 5 x 5 Latin square using 
the MIXED procedure of SAS (SAS Institute, 2008) based on the following model: 
Yijkl = µ + Si + pj + ck:i + Tl + εijkl 
where Yijkl = dependent variable, µ = overall mean, Si = fixed effect of square (3 df), pj = 
random effect of period (4 df), ck:i = random effect of cow within square (16 df),  Tl = 
fixed effect of treatment (4 df), and εijkl = residual error (71 df). If a significant treatment 
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effect was observed (P≤0.05), least square means were separated using PDIFF. Treatment 
× square interaction was tested and removed because it was not significant (P > 0.10) in 
all the variables tested. At the end of first period, 1 cow on the CON treatment suffering 
from laminitis was replaced for a cow with similar DIM and milk production. No data 
were obtained from the cow suffering from laminitis thus highest SEM are reported. 
 
RESULTS 
Feeds and diets chemical compositions 
The chemical composition of feeds and concentrates is presented in Table 4.2 and 
the chemical composition and particle size distribution of the CON and unsupplemented 
diets are presented in Table 4.3. Concentrations of NDF and fat increased and NFC 
decreased as inclusion of DDGS increased in the concentrates. Concentration of CP was 
similar across treatments, averaged16.7% of DM, and differences in NDF, NFC, and fat 
concentrations reflected concentrates composition. The proportion of particles retained in 
the three screens and bottom pan of the PSPS was similar across treatments, averaged 
14.6, 30.0, 33.2, and 22.2% for the >19-mm, 8-mm, and 1.18-mm screens and bottom 
pan (<1.18-mm), respectively. 
The AA composition of feeds and concentrates is presented in Table 4.4 and the 
AA composition of the CON and unsupplemented diets is presented in Table 4.5. Overall, 
differences in the AA composition of the concentrates were reflected in the AA 
composition of the diets. Specifically, an increase in the inclusion of DDGS from 0 to 20% 
of the diet DM resulted in an increase in the concentration of Ala (12.1%), Cys (13.9%), 
Hyp (25.5%), Leu (10.4%), Met (18.1%), Orn (28.6%), and Pro (20.6%) and a decrease 
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in the concentrations of Arg (11.3%), Asp (17.7%), His (7.4%), Lys (18.5%), and Trp 
(13.0%). 
Animal responses 
Treatment effects on DMI, BW, BCS, milk production and composition are 
presented in Table 4.6. Compared to the CON diet, inclusion of DDGS or 
supplementation with RPL did not affect DMI of the cows; however, within diets that 
contained DDGS, cows fed the 10DGRPL diet had the lowest DMI (P = 0.04). 
Nevertheless, milk yield, 3.5% FCM, and feed conversion were similar across treatments, 
averaging 30.7 ± 1.67 kg/d, 31.9 ± 1.93 kg/d, and 1.26 ± 0.07, respectively. Treatments 
did not affect milk fat and lactose percentages but affected milk protein percentage (P = 
0.03) and MUN (P < 0.01). Compared to cows fed the CON diet, cows fed diets 
containing DDGS produced milk with higher protein and MUN concentrations. One 
exception was the  20DGRPL diet which had similar protein concentration as the CON 
diet. Fat yield was not affected by treatment and averaged 1.15 ± 0.08 kg/d. Cows fed 
diets with 20% DDGS had greater (P =0.04) protein yield compared to those fed the 
CON diet but similar compared to those fed diets with 10% DDGS. Cows fed the 
10DGRPL and 20DGRPL diets had similar milk yield and composition compared to 
those fed the respective unsupplemented diets. Cows fed the CON diet had a similar BW 
compared to those fed diets with DDGS except for cows fed the 20DG diet which were 
10 ± 3.0 kg heavier (P = 0.04). Body condition score was similar among treatments and 
averaged 3.13 ± 0.07. 
 Treatment effects on AA intake are presented in Table 4.7. Intake of total EAA 
was similar between cows fed the CON diet and those fed the unsupplemented diets; 
however, specific intake of AA varied. Intake of Lys, Arg, His, and Trp decreased, 
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whereas intake of Leu, Met, and Thr increased as inclusion of DDGS increased within the 
unsupplemented diets. Compared to their respective unsupplemented diet, intake of Lys 
was similar for cows fed the 10DGRPL diet and higher (P < 0.01) for cows fed the 
20DGRPL diet. 
Plasma concentration of AA 
Effect of diets on plasma concentrations of AA and urea sampled from the 
coccygeal artery are presented in Table 4.8. Compared to the cows fed the CON diet, 
plasma concentration of Lys was similar for cows fed the 10DG and 10DGRPL diets, 
lower (P = 0.01) for cows fed the 20DG diet, and tended (P = 0.06) to be lower for cows 
fed the 20DGRPL diet. For other EAA, plasma concentrations of cows fed diets with 
DDGS were lower for His (P=0.03) and Val (P = 0.01) and greater for Met (P < 0.01) and 
Leu (P =0.01) compared to cows fed the CON diet. Plasma concentration of Arg was 
lower (P = 0.04) for cows fed diets with 20% DDGS compared to those fed diets with 10% 
DDGS and similar to cows fed the CON diet. Supplementation with RPL did not increase 
plasma concentration of Lys and had no effect on plasma concentration of other AA. 
Cows fed diets with DDGS had a tendency (P=0.07) to have a higher plasma 
concentration of urea compared to those fed the CON diet, 308.2 vs. 281.1 ± 22.3 µg/mL, 
respectively. 
 
DISCUSSION 
Based on the indirect dose-response approach, the NRC (2001) suggests that the 
concentration of Lys in MP to maximize milk protein percentage and yield should be 7.2. 
The low concentration of Lys in the RUP of DDGS indicates that excess RUP will have 
to be fed in order to formulate diets that could match as closely as possible the NRC 
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recommendation, thus increasing dietary CP concentration. However, Anderson et al. 
(2006) found no effects on animal performance when feeding diets containing 0 or 20% 
DDGS without a gross oversupply of CP (17%). This demonstrates that diets can 
effectively be formulated to contain high amounts of DDGS and yet still supply adequate 
amounts of Lys. There is limited information on the effects of low CP diets containing 
high inclusion of DDGS on milk yield and composition. If Lys is limiting in these types 
of diets, supplementation with RPL may be used to provide additional Lys to meet the 
animal requirements. The present study evaluated the concept of supplementing relatively 
low CP diets (16.7% of DM) with increasing amounts of DDGS to determine if milk 
yield and composition could be maintained and also if supplementing these diets with 
RPL would enhance yields of milk and protein. Plasma concentration of AA were used as 
a tool to evaluate the AA status of the cows. 
Feeds and diets chemical compositions 
  The chemical composition of cottonseed and of all forages fell within the normal 
ranges (NRC, 2001) except for the elevated ash and low CP concentrations of alfalfa 
silage. Alfalfa silage fed during this study had an Fe concentration almost 3 times higher 
than normal (NRC, 2001) which suggests that soil contamination (Hansen and Spears, 
2009) increased the concentration of ash and diluted the concentration of CP. 
Nevertheless, the CP concentration of the assayed diets (averaged 16.7% of DM) closely 
resembled that of the formulated diets (16.4% of DM) since alfalfa silage was included in 
the same proportion across treatments and the variation between assayed and expected 
CP concentration of the rest of the dietary ingredients was minor. The chemical 
composition of DDGS resembled modern corn milling practices (Kelzer et al., 2010). 
Concentrations of CP, P, and S of DDGS were 28.2, 0.93, and 0.99% of DM, respectively.  
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Compared to the recommendations of particle size distribution among the 
different screens (Heinrichs and Kononoff, 2002), a slightly higher (6.6%) deviation from 
recommendations  was observed for the >19-mm screen across treatments; however, the 
magnitude of the difference was small and the effects on production responses were most 
likely negligible. Across treatments, the concentration of total EAA was similar 
(averaged 35.2%) and the AA profile reflected the AA profile of the concentrates since 
the proportion of forage and the specific inclusion rate of each forage source was 
consistent across treatments.  
Animal responses 
Cows fed diets containing DDGS had a similar DMI as those fed the CON diet. 
Past studies have found no effects on DMI by including DDGS up to 20% of the diet DM  
(Kleinschmit et al., 2006; Janicek et al., 2008). Observed intake was actually higher than 
anticipated (CPM Dairy estimated 23.3 kg/d) by about 1 kg/d for cows fed the 10DGRPL 
diet and on average 2.5 kg/d higher for cows fed the other diets containing DDGS. 
Similar milk and FCM yields between cows fed the CON diet and cows fed the diets 
containing DDGS is consistent with the results of Christen et al. (2010). When diets that 
contained DDGS were formulated to have a higher energy content (Kleinschmit et al., 
2006) or cows consumed more of the diets containing DDGS (Janicek et al., 2008), milk 
production has been reported to be greater when compared to the diet that did not include 
DDGS. In the present study, diets were formulated to be isoenergetic and DMI in the 
cows fed diets containing DDGS and those fed the CON diet was similar. Across 
treatments, milk yield was lower than expected (38.5 kg/d) throughout the entire 
experiment and averaged 34.1, 32.9, 30.6, 29.1, and 26.8 kg/d from period one to five, 
respectively. Overall and surprisingly so, milk yield was 7.8 kg/d lower than anticipated 
96 
 
 
across treatments. As observed, milk fat percentage is frequently not affected when diets 
contain DDGS up to 20% of the DM (Kleinschmit et al., 2006; Hubbard et al., 2009). In 
this study, similar milk yield and fat percentage across treatments resulted in similar fat 
yield. Despite the fact that plasma concentration of Lys decreased as DDGS inclusion 
increased in the diets, milk protein percentage and yield increased. Mjoun et al. (2010b) 
reported similar observations and attributed the positive effects on milk protein to a 
greater uptake of Met and branched-chain AA by the mammary gland of cows fed the 
diet with DDGS compared to the ones fed the diet without DDGS. In the present study, 
we could not determine if the latter occurred because blood was only sampled from the 
coccygeal artery and to estimate mammary uptake the arteriovenous differences of 
plasma concentration of AA and mammary plasma flow are required. Inclusion of DDGS 
increased MUN. The plasma concentration of the AA 3-methylhistidine has been used as 
an indicator of muscle protein mobilization by the cow (Sawada et al., 2012). Across 
diets, plasma concentration of 3-methylhistidine was similar which indicates that the 
difference in MUN values was not related to the disposal of N coming from the 
breakdown of muscle protein. In diets with DDGS, a portion of ground corn was replaced 
by DDGS resulting in a lower starch and higher NDF content compared to the CON diet. 
Hristov et al. (2005) observed that starch from corn increased rumen ammonia utilization 
which resulted in a decrease of MUN. Thus, the increase in MUN with the inclusion of 
DDGS may be related to a lower supply of starch.  
Others (Blauwiekel et al., 1997; Robinson et al., 2011) have also reported no 
effect on DMI by the cows when fed diets supplemented with RPL. Responses in milk 
yield when diets estimated to be deficient in Lys were supplemented with RPL have been 
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inconsistent. Swanepoel et al. (2010) reported no effect on milk yield when feeding a diet 
with RPL that supplied an estimated 10 g of additional intestinally absorbable Lys 
compared to the control diet. In contrast, Robinson et al. (2011) reported an increase in 
milk yield of around 2 kg/d by the cows fed a diet where the RPL was estimated to 
supply from 15 to 21 g of additional intestinally absorbable Lys compared to the control 
diet. Since Lys was predicted to be limiting in the unsupplemented diets, it was expected 
that supplementing these diets with RPL would have had a positive effect on milk protein 
as had been observed in other studies (Blauwiekel et al., 1997; Robinson et al., 2010; 
Robinson et al., 2011). The combination of greater DMI and lower milk yield than 
anticipated resulted in diets that were predicted to have supplied sufficient amounts of 
Lys. Consequently, addition of RPL to the unsupplemented diets may only have resulted 
in an oversupply of Lys, thus no responses were observed on milk yield or milk protein. 
When ingredient composition and cow responses were updated in the CPM Dairy model, 
supply of Lys was estimated to be 194, 170, and 156 g/d and to meet 140, 118, and 104% 
of the requirement for the CON, 10DG, and 20DG diet, respectively. There was no effect 
on milk fat percentage in cows fed diets supplemented with RPL which is in agreement 
with others (Blauwiekel et al., 1997; Robinson et al., 2011). 
Plasma AA  
In lactating dairy cows, plasma concentration of the limiting AA is expected to 
increase only after the requirements for maintenance and production of that specific AA 
are met. When soybean products are replaced with increasing amounts of DDGS, plasma 
concentration of Lys decreases linearly and Lys is identified as the first limiting AA 
(Mjoun et al., 2010b). However, caution should be taken when using plasma profile of 
AA to determine the limiting AA since a low plasma concentration of an AA is 
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interpreted as having a low supply of that particular AA but this does not necessarily 
mean that the AA is limiting milk protein synthesis. Mjourn et al. (2010a) reported that 
the inclusion of DDGS in substitution of soybean products decreased the plasma 
concentration of Lys; however, the mammary gland adapted by increasing extraction 
efficiency of Lys and both milk protein percentage and yield increased in cows fed diets 
with DDGS. 
Differences in the diet profile of AA were reflected in the plasma profile. As 
expected, plasma concentration of Lys decreased (11.8%) as DDGS inclusion increased 
from 0 to 20% of the diet DM which suggests a lower supply of Lys. For other EAA, 
inclusion of DDGS caused plasma concentration of Arg, His, and Val to decrease and 
plasma concentration of Leu and Met to increase. Similar to this study, Mjoun et al. 
(2010a) observed a decrease in the plasma concentration of Lys and Val and an increase 
in the plasma concentration of Leu and Met as DDGS was included up to 22% of the diet 
DM.  
Factors such as fluxes from other pools and type of isomer can represent 
challenges to accurately interpretate changes in the profile of plasma AA. Due to the 
small size of the plasma free AA pool, AA fluxes from tissue pools which are larger can 
significantly affect the plasma concentration of AA (Bergen, 1979). The rate of 
disappearance of D- and L- AA can vary. For instance, the removal of plasma D-Met has 
been shown to be 6 to 7 times slower than that of L-Met (Lapierre et al., 2012). In the 
present study, supplementation with RPL failed to increase the plasma concentration of 
Lys. Updated predictions by the CPM Dairy model showed that unsupplemented diets 
supplied enough MP-Lys to meet animal requirements; thus, providing additional MP-
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Lys via the RPL product should have had to increase plasma concentration of Lys. One 
potential reason why no differences were observed could have been that the RPL product 
did not deliver the estimated amount of MP-Lys. It was not an objective of this study to 
evaluate the Lys bioavailability of the RPL product but issues related to an inadequate 
rumen protection or incomplete intestinal release may have resulted in a lower 
bioavailability value than the one used thus overestimating the MP-Lys supplied by the 
product. Another reason may have been related to the sampling regimen as it is possible 
that sampling at 8 and 12 h after feeding was not adequate to find the time where plasma 
concentration of Lys peaked in the cows fed diets with RPL. For instance, Koenig and 
Rode (2001) observed that it was not until after 9 to 12 h post-feeding when plasma 
concentration of Met between cows that were orally dosed with 0 or 20 g of rumen 
protected Met differed. If samples would have only been taken before 9 h, the authors 
would have concluded that the concentration of plasma Met did not differ between those 
treatments. A decrease in the plasma concentration of the other AA when the predicted 
limiting AA is supplemented has been used as an indicator that the supplemented AA was 
in fact limiting (Schwab et al., 1992). Assuming that the RPL product delivered the 
estimated MP-Lys, supplementation with RPL did not have an effect on the concentration 
of other AA since updated predictions suggest that Lys was not limiting. Practically, 
although the inclusion of DDGS will usually result in a reduction of Lys supply the 
results of this study suggest that this does not negatively affect milk protein.   
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CONCLUSIONS 
Inclusion of DDGS up to 20% of the diet DM did not compromise intake, milk 
yield or composition by the cows. Despite a decrease in plasma concentration of Lys as 
DDGS inclusion increased, diets with DDGS can still deliver sufficient amounts of Lys to 
maintain and even increase milk protein percentage and yield. Replacing feeds higher in 
Lys such as blood meal and soy-based products with DDGS in the concentrate portion of 
the diet not only decreased the plasma concentration of Lys but also impacted the status 
of other EAA. As inclusion of DDGS increased, plasma concentration of Arg, His, and 
Val decreased and Leu and Met increased. Updated predictions by the CPM-Dairy model 
suggested that unsupplemented diets met the MP-Lys requirements of the animals thus 
supplementation with RPL was not beneficial. 
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Table 4.1. Ingredient composition of the Control and unsupplemented diets 
 Diets
1
 
Ingredient, % of DM CON 10DG 20DG 
Corn silage 33.4 33.4 33.4 
Alfalfa silage 9.7 9.7 9.7 
Alfalfa hay 4.4 4.4 4.4 
Brome hay 5.8 5.8 5.8 
Ground corn 18.4 11.9 8.2 
Soybean hulls 11.8 11.9 9.9 
Cottonseed with lint 2.9 2.9 2.9 
Soybean meal, 44% 5.8 5.8 1.6 
Blood meal 0.64 0.0 0.0 
Dried distiller grains plus solubles 0.0 10.0 19.9 
NitroShure
2 
0.48 0.49 0.49 
MetaSmart dry
3 
0.13 0.13 0.13 
Soy Pass
4 
3.88 0.97 0.97 
Salt 0.48 0.49 0.49 
Sodium bicarbonate 0.48 0.49 0.49 
Limestone 0.68 0.97 1.17 
Dicalcium phosphate 0.50 0.19 0.00 
Magnesium oxide 0.25 0.25 0.25 
Trace minerals
5 
0.12 0.12 0.12 
Vitamin premix
6 
0.12 0.12 0.12 
1
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = 
diets containing distillers dried grains with solubles at 10 or 20% of DM with no rumen 
protected Lys. CPM Dairy predicted concentration of Lys in metabolizable protein to be 
6.86, 6.38, and 5.88% for CON, 10DG, and 20DG diets, respectively.  
2
Balchem Corporation, New Hampton, NY, USA. 
3
Adisseo Inc., Antony, France. MetaSmart was supplied as a dry powder containing 60% 
of active ingredient on a silicate carrier.  It was assumed that MetaSmart contains a 
minimum of 78% HMB, is 95% pure, and that 50% of the HMB in dietary MetaSmart 
was absorbed and converted to metabolizable Met [57% (60% x 95%) MetaSmart 
monomer x 77.8% HMB x 50% bioavailability = 22% metabolizable Met]. 
4
LignoTech, Overland Park, KS. 
5
Contained 13.9% Ca, 0.03 % P, 0.42 % Mg, 0.20% K, 4.20% S, 0.08% Na, 0.03% Cl, 
445 ppm Fe, 60021 ppm Zn, 17, 375 ppm Cu, 43, 470 ppm Mn, 287 ppm Se, 527 ppm 
Co, 870 ppm I. 
6
Provided approximately 5770 KIU/kg vitamin A, 1460 KIU/kg of vitamin D, and 46400 
KIU/kg of vitamin E.  
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Table 4.2. Chemical composition of feeds and concentrates
1 
 Feeds  Concentrates
2
 
Item
3 
Corn 
silage 
Alfalfa 
silage 
Alfalfa 
hay 
Brome 
hay 
Cottonseed DDGS  CON  10DG  20DG  
DM, % as 
fed 34.3±3.03 34.6±7.03 84.4±0.37 87.6±0.78 89.8±0.95 
90.3±0.40  
88.7±0.89 88.8±1.17 89.3±0.31 
CP 8.62±0.62 15.8±1.21 20.6±0.32 8.12±1.18 22.4±0.70 28.2±0.38  23.4±0.53 23.6±0.25 23.4±0.52 
ADF 25.0±0.91 37.1±1.73 31.9±1.00 43.9±2.94 34.7±0.95 11.1±1.18  13.8±0.67 14.7±1.60 15.4±0.79 
NDF 39.8±1.00 44.3±2.27 36.9±0.75 68.4±3.16 44.9±1.80 31.6±1.08  23.8±1.03 28.3±2.30 31.6±1.28 
Lignin 3.14±0.30 6.12±0.57 6.97±0.28 6.29±1.07 9.08±0.97 2.88±0.22  2.36±0.50 3.03±1.02 3.59±0.95 
Sugar 0.70±0.16 1.28±0.56 8.30±0.72 7.06±2.25 4.82±0.71 3.60±0.71  4.78±0.72 4.26±0.23 3.68±0.98 
Starch 34.2±2.44 3.00±1.27 2.20±0.80 1.98±0.89 1.26±0.41 5.58±0.84  33.4±2.27  24.5±1.24 18.8±0.59 
Crude fat 3.02±0.17 2.65±0.28 2.21±0.21 1.86±0.23 19.5±0.47 11.7±0.67  2.91±0.20 5.04±0.29 6.87±0.21 
NFC
4 
43.5±1.97 19.7±3.54 29.9±1.12 12.2±4.88 8.94±1.83 23.0±0.91  41.3±1.17 34.2±2.20 29.4±1.77 
Ash 5.06±0.53 17.5±2.09 10.3±0.67 9.41±0.95 4.21±0.27 5.41±0.65  8.62±0.40 8.80±0.38 8.77±0.54 
Ca 0.22±0.02 1.28±0.11 1.48±0.05 0.32±0.04 0.24±0.05 0.03±<0.01  1.52±0.06 1.44±0.11 1.34±0.13 
P 0.26±0.01 0.37±0.09 0.29±0.01 0.26±0.02 0.65±0.09 0.93±0.04  0.58±0.03 0.58±0.01 0.61±0.02 
Mg 0.16±0.01 0.38±0.02 0.23±0.00 0.11±0.01 0.41±0.04 0.34±0.02  0.52±0.05 0.52±0.03 0.56±0.04 
K 1.23±0.05 5.19±1.12 3.19±0.18 2.24±0.25 1.27±0.10 1.35±0.05  1.34±0.03 1.39±0.05 1.29±0.03 
S 0.13±0.01 0.26±0.03 0.23±0.05 0.13±0.02 0.26±0.02 0.99±0.04  0.27±0.01 0.43±0.01 0.56±0.03 
Na 0.01±0.00 0.03±0.01 0.02±0.00 0.01±0.00 0.04±0.02 0.23±<0.01  0.77±0.08 0.81±0.05 0.82±0.06 
Cl 0.17±0.01 0.26±0.03 0.17±0.07 0.60±0.13 0.08±0.02 0.16±0.06  0.72±0.07 0.71±0.08 0.69±0.06 
Fe (PPM) 109±19.5 1140±662 322±54.8 336±294.7 76.2±16.3 71.2±4.32  504±68.7 377±49.6 307±26.6 
Mn (PPM) 27.4±1.82 74.2±25.15 48.0±4.69 48.0±5.24 23.2±5.07 15.8±0.45  118±12.9 122±10.9 142±18.1 
Zn (PPM) 38.2±3.70 40.8±12.76 21.2±2.39 28.2±9.81 44.4±5.81 70.8±5.26  189±9.15 182±8.82 205±29.1 
Cu (PPM) 8.60±0.55 10.4±0.89 10.0±0.71 8.80±1.64 10.4±1.34 1.60±0.55  55.8±5.93 56.0±3.61 57.2±8.04 
pH 4.00±0.07 4.82±0.47 - - - -  - - - 
1
Values (n = 5) expressed as mean ± standard deviation. 
2
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = diets containing distillers dried grains with 
solubles at 10 or 20% of DM with no rumen protected Lys. 
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3
Values are expressed in % DM unless otherwise noted. 
4
NFC = 100 – (% NDF + % CP + % fat + % ash).
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Table 4.3. Chemical composition (% DM unless otherwise noted) and particle size 
distribution of the Control and unsupplemented diets  
 Diets
1
 
Item CON 10DG 20DG 
Composition    
DM 52.3 ± 0.83 52.2 ± 0.97 52.3 ± 0.89 
CP 16.7 ± 0.19 16.8 ± 0.24 16.7 ± 0.30 
RDP, % CP 61.1 63.7 61.6 
RUP, % CP 38.9 36.3 38.4 
ADF 22.8 ± 0.66 23.2 ± 0.77 23.5 ± 0.61 
NDF 34.8 ± 0.71 36.8 ± 1.23 38.2 ± 0.47 
Lignin 3.57 ± 0.36 3.87 ± 0.61 4.11 ± 0.62 
Sugar 3.36 ± 0.42 3.13 ± 0.29 2.88 ± 0.59 
Starch 26.7 ± 0.37 22.9 ± 0.42 20.3 ± 0.70 
Crude fat 3.22 ± 0.23 4.15 ± 0.26 4.95 ± 0.25 
NFC
2 
37.0 ± 0.97 33.9 ± 1.43 31.8 ± 0.89 
Ash 8.30 ± 0.27 8.38 ± 0.20 8.37 ± 0.29 
Ca 0.96 ± 0.01 0.93 ± 0.06 0.88 ± 0.06 
P 0.42 ± 0.02 0.42 ± 0.01 0.44 ± 0.01 
Mg 0.35 ± 0.03 0.34 ± 0.01 0.36 ± 0.02 
K 1.81 ± 0.09 1.83 ± 0.08 1.79 ± 0.10 
S 0.21 ± 0.01 0.28 ± 0.01 0.34 ± 0.02 
Na 0.35 ± 0.04 0.37 ± 0.02 0.37 ± 0.03 
Cl 0.45 ± 0.03 0.44 ± 0.03 0.43 ± 0.04 
ME
3
, Mcal/kg
 
2.52 2.51 2.50 
MP-Lys
3
, g/d 195 171 156 
MP-Met
3
, g/d 65 66 66 
Particle size distribution
4
    
>19.0 mm 12.6 ± 7.15 15.3 ± 10.7 16.0 ± 7.11 
8.0-19.0 mm 31.0 ± 3.70 29.8 ± 1.16 29.1 ± 3.31 
1.18-8.0 mm 36.3 ± 4.00 30.3 ± 0.64 33.1 ± 1.64 
<1.18 mm 20.1 ± 8.06 24.6 ± 11.4 21.8 ± 8.91 
1
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = 
diets containing distillers dried grains with solubles at 10 or 20% of DM with no rumen 
protected Lys. 
2
NFC = 100 – (% NDF + % CP + % fat + % ash).  
3
Estimation based on CPM Dairy (v3.0) using assayed feed analyses and observed DMI 
for each treatment. MP-Lys = metabolizable Lys supply and MP-Met = metabolizable 
Met supply. 
4
Proportion (as fed) of TMR retained on each screen of the Penn State Particle Separator. 
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Table 4.4. Amino acid composition of feeds and concentrates
1 
 Feeds
 
 Concentrates
2 
Item Corn silage Alfalfa silage Alfalfa hay Brome hay Cottonseed  CON 10DG  20DG 
Essential AA, % of CP          
Arg 1.57 ± 0.33 2.32 ± 0.21 4.77 ± 0.28 3.78 ± 0.37 10.13 ± 0.83  5.36 ± 0.29 5.16 ± 0.26 4.44 ± 0.21 
His 1.29 ± 0.31 1.16 ± 0.17 1.84 ± 0.10 1.32 ± 0.14 2.59 ± 0.19  2.67 ± 0.09 2.32 ± 0.10 2.30 ± 0.11 
Ile 3.14 ± 0.24 4.10 ± 0.35 4.50 ± 0.13 3.21 ± 0.36 3.05 ± 0.24  3.59 ± 0.17 3.52 ± 0.32 3.43 ± 0.09 
Leu 8.48 ± 0.58 6.67 ± 0.79 7.75 ± 0.24 6.16 ± 0.57 5.53 ± 0.44  7.90 ± 0.21 8.03 ± 0.28 8.61 ± 0.39 
Lys 1.95 ± 0.49 3.13 ± 0.68 5.22 ± 0.32 3.43 ± 0.48 4.37 ± 0.33  5.09 ± 0.29 4.51 ± 0.29 3.74 ± 0.13 
Met 1.53 ± 0.14 1.42 ± 0.09 1.63 ± 0.11 1.35 ± 0.17 1.47 ± 0.15  1.22 ± 0.10 1.46 ± 0.14 1.50 ± 0.08 
Phe 3.24 ± 0.27 3.85 ± 0.52 5.10 ± 0.19 3.82 ± 0.35 4.96 ± 0.33  4.48 ± 0.18 4.19 ± 0.16 4.08 ± 0.22 
Thr 2.76 ± 0.33 2.77 ± 0.60 4.26 ± 0.35 3.40 ± 0.25 3.01 ± 0.29  3.26 ± 0.17 3.37 ± 0.09 3.27 ± 0.18 
Trp 0.47 ± 0.03 0.56 ± 0.09 1.00 ± 0.10 0.64 ± 0.09 0.76 ± 0.13  0.89 ± 0.03 0.83 ± 0.06 0.70 ± 0.06 
Val 4.35 ± 0.24 5.13 ± 0.51 5.69 ± 0.19 4.27 ± 0.53 4.20 ± 0.37  4.70 ± 0.19  4.18 ± 0.41 4.25 ± 0.11 
TEAA
3 
28.8 ± 2.72 31.1 ± 2.40 41.8 ± 1.68 28.8 ± 2.72 40.1 ± 3.22  39.2 ± 1.42 37.6 ± 1.86 36.3 ± 1.46 
Nonessential AA
4
, % of CP          
Ala 9.11 ± 0.32 9.55 ± 1.69. 5.46 ± 0.33 4.95 ± 0.49 3.70 ± 0.39  4.66 ± 0.12 4.99 ± 0.16 5.51 ± 0.19 
Asp 4.15 ± 0.73 4.85 ± 0.81 11.53 ± 1.10 6.68 ± 0.51 8.50 ± 0.88  9.20 ± 0.44 8.06 ± 0.43 6.72 ± 0.14 
Cys 1.11 ± 0.11 0.83 ± 0.13 1.18 ± 0.09 0.85 ± 0.12 1.61 ± 0.17  1.38 ± 0.03 1.52 ± 0.05 1.56 ± 0.10 
Glu 10.04 ± 1.57 5.75 ± 0.66 9.41 ± 0.65 8.27 ± 0.34 1.82 ± 0.09  14.25 ± 0.83 13.84 ± 0.86 12.72 ± 0.33 
Gly 3.65 ± 0.14 4.06 ± 0.20 4.87 ± 0.21 4.22 ± 0.37 3.90 ± 0.42  4.30 ± 0.18 4.28 ± 0.19 4.12 ± 0.12 
Hyl 4.23 ± 0.90 5.53 ± 1.98 1.08 ± 0.07 0.71 ± 0.18 0.14 ± 0.04  0.14 ± 0.03 0.19 ± 0.04 0.23 ± 0.05 
Hyp 0.31 ± 0.17 0.61 ± 0.06 0.87 ± 0.07 0.35 ± 0.07 0.56 ± 0.32  0.53 ± 0.30 0.64 ± 0.40 0.73 ± 0.52 
Orn 44.46 ± 1.86 0.35 ± 0.20 0.10 ± <0.01 0.07 ± 0.07 0.05 ± <0.01  0.08 ± 0.02 0.08 ± <0.01 0.10 ± 0.02 
Pro 5.84 ± 0.37 3.57 ± 0.93 7.47 ± 0.89 4.19 ± 0.27 3.52 ± 0.28  4.87 ± 0.10 5.62 ± 0.17 5.91 ± 0.37 
Ser 2.08 ± 0.26 2.30 ± 0.45 3.68 ± 0.63 2.97 ± 0.18 3.62 ± 0.61  3.86 ± 0.38 3.89 ± 0.19 3.73 ± 0.16 
Tau 0.59 ± 0.14 0.45 ± 0.13  0.42 ± 0.14 0.67 ± 0.15 0.18 ± 0.05  0.39 ± 0.08 0.40 ± 0.06 0.32 ± 0.05 
Tyr 1.69 ± 0.32 2.01 ± 0.21 3.33 ± 0.24 2.06 ± 0.14 2.63 ± 0.24  3.11 ± 0.15 3.28 ± 0.14 3.26 ± 0.17 
1
Values (n = 5) expressed as mean ± standard deviation.  
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2
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = diets containing distillers dried grains with solubles at 10 or 
20% of DM with no rumen protected Lys. 
3
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
4
 Hyl = hydroxylysine; Hyp = hydroxyproline.
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Table 4.5. Amino acid composition of the Control and unsupplemented diets 
 Diets
1 
Item CON 10DG 20DG 
Essential AA, % of CP    
Arg 4.51 ± 0.23 4.40 ± 0.16 4.00 ± 0.17 
His 2.15 ± 0.07 1.98 ± 0.08 1.99 ± 0.12 
Ile 3.51 ± 0.16 3.48 ± 0.21 3.46 ± 0.10 
Leu 7.41 ± 0.47 7.74 ± 0.26 8.18 ± 0.28 
Lys 4.27 ± 0.18 3.89 ± 0.18 3.48 ± 0.14 
Met 1.27 ± 0.10 1.46 ± 0.10 1.50 ± 0.06 
Phe 4.16 ± 0.22 4.03 ± 0.14 3.99 ± 0.20 
Thr 3.08 ± 0.17 3.20 ± 0.08 3.19 ± 0.09 
Trp 0.77 ± 0.05 0.74 ± 0.05 0.67 ± 0.04 
Val 4.60 ± 0.18 4.32 ± 0.22 4.39 ± 0.09 
TEAA
2
, % of CP 35.7 ± 1.46 35.2 ± 1.24 34.8 ± 1.11 
Non-essential AA
3
, % of CP    
Ala 5.64 ± 0.62 5.96 ± 0.29 6.32 ± 0.30 
Asp 7.84 ± 0.31 7.21 ± 0.25 6.45 ± 0.17 
Cys 1.22 ± 0.04 1.34 ± 0.06 1.39 ± 0.09 
Glu 11.90 ± 0.80 12.10 ± 0.58 11.58 ± 0.46 
Gly 4.07 ± 0.18 4.12 ± 0.13 4.07 ±0.07 
Hyl 1.37 ± 0.38 1.37 ± 0.25 1.36 ± 0.33 
Hyp 0.51 ± 0.22 0.57 ± 0.30 0.64 ± 0.35 
Orn 0.14 ± 0.33 0.16 ± 0.06 0.18 ± 0.05 
Pro 4.71 ± 0.33 5.39 ± 0.10 5.68 ± 0.18 
Ser 3.30 ± 0.32 3.41 ± 0.12 3.30 ± 0.10 
Tau 0.41 ± 0.10 0.43 ± 0.07 0.38 ± 0.06 
Tyr 2.68 ± 0.16 2.81 ± 0.13 2.83 ± 0.15 
1
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = 
diets containing distillers dried grains with solubles at 10 or 20% of DM with no rumen 
protected Lys. Values (n = 5) expressed as mean ± standard deviation. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Hyl = hydroxylysine; Hyp = hydroxyproline. 
 
111 
 
 
Table 4.6. Effect of diets on intake, BW, BCS, milk production and composition 
 Diets
1
   
Item CON 10DG 20DG 10DGRPL 20DGRPL SEM P-
value
2 
DMI, kg/d 25.2
ab 
25.9
a 
25.7
a 
24.3
b 
25.8
a 
0.88 0.04 
Milk yield, 
kg/d 30.1 30.2 31.8 30.3 31.1 1.67 0.11 
Fat, % 3.81 3.65 3.73 3.72 3.78 0.10 0.46 
Fat yield, 
kg/d 1.14 1.11 1.19 1.14 1.18 0.08 0.17 
Protein, %  3.15
c 
3.23
a 
3.21
ab 
3.23
a 
3.17
bc 
0.05 0.03 
Protein 
yield, kg/d 0.94
b 
0.98
ab 
1.01
a 
0.98
ab 
0.99
a 
0.05 0.04 
Lactose, %  4.67 4.67 4.69 4.68 4.66 0.06 0.89 
SNF, % 8.70 8.78 8.79 8.79 8.71 0.07 0.13 
MUN, 
mg/dL 13.23
b 
14.38
a 
14.66
a 
14.75
a 
14.52
a 
0.43 <0.01 
SCC, 10 
3 
cells/ml 261 291 331 277 369 112 0.37 
3.5% FCM
3
, 
kg/d 31.6 31.0 33.0 31.5 32.6 1.93 0.11 
FC
4
 1.27 1.20 1.29 1.29 1.27 0.07 0.18 
BW, kg 690
b 
695
ab 
700
a 
694
ab 
695
ab 
19.6 0.04 
BCS
5
 3.14 3.13 3.12 3.13 3.11 0.07 0.97 
a,b,cMeans within a row with different superscripts differ (P ≤ 0.05). 
1
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = 
diets containing distillers dried grains with solubles at 10 or 20% of DM with no rumen 
protected Lys; 10 or 20DGRPL = diets containing distillers dried grains with solubles at 
10 or 20% of DM plus rumen protected Lys. 
2
Treatment effect. 
3
FCM = (milk fat, kg/d x 16.218) + (milk yield, kg/d x 0.4324). 
4
Feed conversion = milk yield/DMI. 
5
Cow BCS was determined on a 1 to 5 scale according to Wildman et al. (1982).  
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Table 4.7. Effect of diets on amino acid intake 
 Diets
1
   
Item CON 10DG 20DG 10DGRPL 20DGRPL SEM P-
value
2 
Essential AA, g/d        
Arg 189.7
a 
191.5
a 
171.6
b 
179.2
b 
172.0
b 
6.24 <0.01 
His 90.5
a 
86.1
b 
85.5
b 
80.5
c 
85.8
b 
3.09 <0.01 
Ile 147.3
 
151.6
 
148.4
 
141.6
 
149.0
 
5.28 0.08 
Leu 311.3
c 
336.8
b 
351.0
ab 
315.0
c 
352.6
a 
12.0 <0.01 
Lys
3 
179.6
a 
169.5
b 
149.2
c 
173.1
ab 
164.2
b 
5.52 <0.01 
Met 53.2
c 
63.4
a 
64.5
a 
59.1
b 
64.8
a 
2.43 <0.01 
Phe 175.1
a 
175.2
a 
170.9
ab 
163.8
b 
171.7
a 
6.00 0.04 
Thr 128.9
b 
139.2
a 
137.0
a 
130.2
b 
137.6
a 
4.62 <0.01 
Trp 32.2
a 
32.0
a 
28.6
b 
30.0
b 
28.8
b 
1.36 <0.01 
Val 192.9
a 
188.0
a 
188.6
a 
175.8
b 
189.3
a 
6.43 <0.01 
TEAA
4
, g/d 1501.2 1533.3 1495.2 1448.5 1515.9 51.1 0.17 
Nonessential AA
5
, 
g/d        
Ala 236.4
b 
259.3
a 
271.3
a 
242.3
b 
272.7
a 
9.88 <0.01 
Asp 328.4
a 
313.7
b 
277.0
d 
293.6
c 
277.8
d 
10.1 <0.01 
Cys 51.1
c 
58.3
a 
59.7
a 
54.7
b 
59.9
a 
2.47 <0.01 
Glu 499.5
b 
527.0
a 
496.6
b 
492.9
b 
497.6
b 
17.8 0.05 
Gly 171.2
 
179.2
 
174.7
 
167.6
 
175.3
 
5.97 0.07 
Hyl 57.4
 
59.5
 
58.3
 
55.5
 
59.1
 
4.87 0.77 
Hyp 21.5
c
 24.5
b 
27.5
a 
22.8
bc
 28.0
a 
6.00 <0.01 
Orn 5.7
c 
7.1
ab 
7.8
a 
6.5
bc 
7.5
a 
0.8 <0.01 
Pro 197.8
d 
234.4
b 
243.7
ab 
219.9
c 
244.9
a 
9.02 <0.01 
Ser 137.9
b 
148.4
a 
141.7
b 
139.1
b 
142.3
ab 
5.33 0.03 
Tau 17.1
bc 
18.7
a 
16.3
c 
17.5
b 
16.4
c 
1.30 <0.01 
Tyr 112.6
b 
122.3
a 
121.2
a 
114.4
b 
121.8
a 
4.12 <0.01 
a,b,c,d
Means within a row with different superscripts differ (P ≤ 0.05). 
1
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = 
diets containing distillers dried grains with solubles at 10 or 20% of DM with no rumen 
protected Lys; 10 or 20DGRPL = diets containing distillers dried grains with solubles at 
10 or 20% of DM plus rumen protected Lys. 
2
Treatment effect. 
3
10DGRPL and 20DGRPL include Lys from the rumen protected Lys  product . 
4
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
5
Hyl = hydroxylysine; Hyp = hydroxyproline.
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Table 4.8. Effect of diets on plasma concentrations of amino acids and urea from the 
coccygeal artery  
 Diets
1
   
Item CON 10DG 20DG 10DGRPL 20DGRPL SEM P-
value
2 
Essential AA, 
µg/mL 
       
Arg 15.60
ab 
16.29
a 
14.82
b 
16.31
a 
14.92
b 
0.56 0.04 
His 9.50
a 
8.68
b 
8.50
b 
8.78
b 
8.52
b 
0.35 0.03 
Ile 20.04 21.08 20.04 21.24 20.37 0.72 0.26 
Leu 31.49
b 
32.30
b 
34.92
a 
32.29
b 
34.49
a 
1.14 0.01 
Lys 13.99
ab 
13.98
ab 
12.34
c 
14.09
a 
12.76
bc 
0.64 0.01 
Met 3.47
c 
4.40
ab 
4.11
b 
4.45
a 
4.10
b 
0.17 <0.01 
Phe 9.92 9.58 9.57 9.60 9.56 0.27 0.73 
Thr 12.49
 
13.15
 
11.89
 
12.90
 
12.05
 
0.50 0.11 
Trp 9.43 9.89 9.53 10.16 9.53 1.14 0.60 
Val 44.38
a 
41.31
b 
40.10
b 
40.36
b 
40.74
b 
1.44 0.01 
TEAA, µg/mL        
Nonessential 
AA
3
,  µg/mL        
Aaa 0.88 0.72 0.69 0.71 0.62 0.16 0.17 
Aba 2.19 2.10 2.13 2.48 2.25 0.20 0.06 
Ala 18.89 19.51 18.82 19.82 19.03 0.81 0.27 
Asn 9.03 9.13 8.83 9.10 8.43 1.01 0.48 
Asp 0.42 0.40 0.38 0.51 0.41 0.18 0.23 
BAla 1.70 1.61 1.69 1.70 1.55 0.16 0.70 
Carn 3.69 3.54 3.75 3.51 3.53 0.23 0.77 
Cit 13.77
b 
14.75
a 
15.45
a 
15.05
a 
14.47
a 
0.73 0.01 
Cys 5.33
a 
5.45
a 
4.78
b 
5.43
a 
4.88
b 
0.24 <0.01 
Gln 34.82 34.93 34.13 34.97 33.46 1.18 0.18 
Glu 6.78 6.91 6.82 6.79 6.39 0.30 0.29 
Gly 21.01
a 
20.09
ab 
19.84
ab 
20.35
a 
19.11
b 
0.77 0.04 
HCys 0.36 0.34 0.30 0.32 0.31 0.14 0.21 
Hyl 0.20 0.18 0.16 0.15 0.15 0.12 0.12 
Hyp 1.28 1.27 1.32 1.26 1.24 0.18 0.97 
1-MH 2.34 2.34 2.41 2.35 2.45 0.15 0.60 
3-MH 0.51 0.52 0.53 0.52 0.49 0.02 0.50 
Orn 7.32 7.42 6.88 7.54 7.02 0.42 0.20 
Pro 10.02 10.07 10.26 10.00 9.64 0.60 0.88 
PSer 0.96
c 
1.26
b 
1.42
a 
1.27
b 
1.38
a 
0.07 <0.01 
Sar 2.54
b 
3.24
a 
3.22
a 
3.16
a 
3.20
a 
0.85 <0.01 
Ser 8.66
a 
8.14
ab 
7.73
b 
8.37
a 
7.69
b 
0.31 0.01 
Tau 6.18
b 
7.13
a 
6.83
a 
6.91
a 
6.61
ab 
0.44 0.02 
Tyr 11.75 12.91 12.80 12.64 12.65 0.54 0.19 
Urea, µg/mL 281.12 305.90 312.67 311.76 302.51 22.26 0.07 
a,b,c,Means within a row with different superscripts differ (P ≤ 0.05). 
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1
CON = Control diet containing no distillers dried grains with solubles; 10 or 20DG = 
diets containing distillers dried grains with solubles at 10 or 20% of DM with no rumen 
protected Lys; 10 or 20DGRPL = diets containing distillers dried grains with solubles at 
10 or 20% of DM plus rumen protected Lys. 
2
Treatment effect. 
3
Aaa: α-aminoadipic acid; Aba = α-amino-n-butyric acid; Asn = asparagine; BAla = β-
alanine; Carn = Carnosine; Cit = citrulline; Gln = glutamine; HCys = Homocystine; 1-
MH = 1-methyl-histidine; 3-MH = 3-methyl-histidine PSer = Phosphoserine; Sar = 
Sarcosine. 
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ABSTRACT 
 Two ruminally and duodenally cannulated steers were used in a 2 × 2 crossover 
design to evaluate the effect of supplementation of free Lys (FL) or rumen protected Lys 
(RPL) on duodenal flows of essential AA (EAA). Dietary treatments were achieved by 
the supplementation of either FL or RPL to a  basal diet comprised of 50% alfalfa hay 
and 50% wet corn gluten feed. Chromium oxide (Cr2O3) was used as a digesta flow 
marker. Duodenal flow of DM was estimated by dividing the daily amount of Cr2O3 
dosed by the Cr2O3 concentration in the duodenal samples. Duodenal flows of EAA were 
determined by multiplying the duodenal flow of DM by the concentration of the 
respective EAA in the duodenal sample. Duodenal flows of OM, ash, and N were 
determined in a similar fashion. Intakes of DM (P = 0.90), OM (P = 0.91), ash (P = 0.90), 
N (P = 0.89), and EAA (P ≥ 0.87) were similar for both treatments. Consequently, 
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duodenal flows of DM (P = 0.17), OM (P = 0.14), ash (P = 0.20), N (P = 0.17), and EAA 
(P ≥ 0.22) did not differ. Supplementation of both Lys products resulted in similar 
duodenal flows of Lys. 
Key words: ruminant, duodenal flow of lysine, rumen protected lysine 
 
INTRODUCTION 
Mass balance studies (Weiss et al., 2009) have shown that the majority of the N 
that is utilized by lactating cows is directed towards milk protein synthesis thus limiting 
amino acids (AA) at lactation may be defined as those AA that are in shortest supply in 
relation to their demand for milk protein. The Dairy NRC (2001) suggests that Lys is the 
most limiting AA in diets where most of the RUP comes from corn or corn coproducts. 
However, factors such as availability, quality, and price of corn coproducts can favor 
their inclusion in the diet in high amounts. In this scenario, supplementation of Lys may 
be beneficial. Supplementation of free Lys (FL) is an inefficient strategy to increase the 
supply of Lys to the dairy cow because it is largely degraded by microbes in the rumen 
(Robinson et al., 2006). Thus, technologies that protect Lys from ruminal microbial 
degradation have emerged (Wu et al., 2012). Duodenal flows of AA when supplementing 
rumen protected Lys (RPL) have been estimated using external marker techniques 
(Blauwiekel et al., 1997). Chromium oxide (Cr2O3) has been the most widely used 
external marker and errors associated with diurnal variation of Cr2O3 flow (Owens and 
Hanson, 1992) can be minimized by increasing sampling times throughout the day 
(Titgemeyer, 1997). The objective of this study was to evaluate the effect on duodenal 
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flow of Lys by the supplementation of FL or RPL. We hypothesized that supplementation 
of RPL will result in a greater supply of Lys to the duodenum than FL. 
 
MATERIALS AND METHODS 
Animals and experimental treatments 
Two ruminally and duodenally (double L-shaped) cannulated steers (initial BW 
780 ± 137 kg) were used in a 2 × 2 crossover design. Treatment sequences were 
randomly allocated to steers and experimental periods lasted 9 d with the first 7 d for diet 
adaptation and the last 2 d for collection of samples. It was assumed that the diet 
adaptation period was long enough to not expect carryover effects at the time of 
collection of samples thus no washout period was used. Steers were housed in pens, limit 
fed (90% of ad libitum intake based on the average intake of the previous month prior to 
the experiment for each steer), and had constant access to water during the duration of the 
experiment. Procedures met the guidelines of the University of Nebraska-Lincoln Animal 
Care and Use Committee. 
Dietary treatments were 1) free Lys supplementation (FLS) and 2) rumen 
protected Lys supplementation (RPLS). Both treatments included a basal diet that 
comprised of 50% alfalfa hay and 50% wet corn gluten feed (DM basis) which was 
formulated to provide enough nutrients to support the maintenance requirements of the 
animals. The basal diet was prepared once daily and divided into 6 equal meals for each 
steer. Automatic feeders (Ankom Technology, Macedon, NY) located approximately 30 
cm above the feeder  bin (115 × 65 × 65 cm) dispensed the meals at 0400, 0800, 1200, 
1600, 2000, and 2400 h. Each meal was supplemented with 3.8 g of Lys for a total of 
22.8 g of Lys daily. To achieve the targeted Lys supplementation, 4.82 g of free Lys 
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(Sewon L-Lysine, L-Lys 79%) and 10 g of rumen protected Lys (Aminoshure-L, L-Lys 
38%, Balchem Encapsulates, New Hampton, NY) were top dressed to the FL and RPL 
meals, respectively. It should be noted that both commercial products supply L-Lys HCl, 
and the supplemented amount was chosen based on the highest recommended inclusion 
of the RPL product, 60 g/d which if 100% protected from rumen fermentation would 
deliver 22.8 g of Lys postruminally. It should be noted that commercial expectations are 
that approximately 80% of the Lys is protected from rumen fermentation.  Additionally, 
each meal from both treatments was top dressed with 3 g of Cr2O3 that served as a marker 
to determine digesta flow to the duodenum.  
Sampling and analysis 
Dry matter (48 h at 55 °C in a forced-air oven) of alfalfa hay and wet corn gluten 
feed was determined previous to the beginning of each period and their inclusions in the 
basal diet were adjusted to account for DM fluctuations. During the sampling period, 
alfalfa hay and wet corn gluten feed were sampled daily, refrigerated (4 °C), and 
composited at the end of each period. Composites were divided into 2 subsamples. One 
subsample from each composite was dried for 48 h at 55 °C in a forced air oven, 
subsequently ground through a 1-mm screen (Wiley Mill, Arthur A. Thomas Co., 
Philadelphia, PA). Ground samples were sent to the Experimental Station Chemical 
Laboratories, University of Missouri-Columbia and analyzed for essential AA (EAA) 
(method 982.30 E, AOAC, 2006) using a Hitachi L-8800 AA analyzer (Hitachi Co., 
Tokyo, Japan). The remaining subsample from each composite was sent to Cumberland 
Valley Analytical Services Inc. (Hagerstown, MD) and analyzed for DM (AOAC, 2000), 
N (Leco FP-528 Nitrogen Combustion Analyzer; Leco Corp., St. Joseph, MI 49085), 
NDF (Van Soest et al., 1991), ADF (973.18; AOAC, 2000), starch (Hall, 2009), ether 
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extract (2003.05; AOAC, 2006), and ash (942.05; AOAC, 2000). Chemical and AA 
composition of the basal diet was calculated based on the analyses of the feedstuffs and 
their respective proportions in the diets. 
Duodenal samples (250 mL per sampling time) were collected at 0900, 1400, and 
2000 h during each day of the sampling period and frozen (-20 °C) immediately after 
collection. At the end of each period, duodenal digesta samples were thawed, pooled 
within steer, and a 1000 mL subsample was taken from each pooled sample and 
subsequently lyophilized (Freezemobile 25SL, VirTis, Gardiner, NY). The remainder of 
the pooled samples was frozen (-20 °C). Dried duodenal samples were ground through a 
1-mm screen (Wiley Mill, Arthur A. Thomas Co., Philadelphia, PA) and divided into 2 
subsamples. One set of subsamples was analyzed for AA as described previously for the 
feed composite samples while the other set of subsamples was sent to Servi-Tech 
Laboratories (Hastings, NE) and analyzed for Cr2O3 concentration by digestion of the 
sample in 10 mL of nitric acid and 3 mL of peroxide with a hydrochloric acid addition 
and then analyzed by inductive coupled plasma (ICP) spectrophotometry using a Varian 
720-ES spectrometer (Varian, Inc., Palo Alto, CA). 
Calculations and statistical analysis 
To determine the daily duodenal flow of DM, the amount of Cr2O3 supplemented 
daily was divided by the Cr2O3 concentration in the duodenal samples. Then, duodenal 
flow of DM was expressed in g/d. Duodenal flows of EAA were estimated by 
multiplying the duodenal flow of DM by the concentration of the specific EAA in the 
dried duodenal sample. Duodenal flows of OM, N, and ash were estimated in a similar 
fashion. 
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For each steer, differences in intakes and flows between the RPLS treatment and 
FLS treatment were tested by paired-difference t-test using the PROC UNIVARIATE 
procedure of SAS (SAS Institute Inc., Cary, NC). Significant effects were considered at P 
≤ 0.05. 
 
RESULTS AND DISCUSSION 
The chemical and EAA composition of the feeds and basal diet is presented in 
Table 1. The chemical composition of the alfalfa hay (NRC, 2001) and the wet corn 
gluten feed (Kelzer et al., 2010) is similar to published values. Observed AA values are 
lower for the wet corn gluten feed compared to those reported by Kelzer et al. (2010) and 
similar for the alfalfa hay compared to those reported by the NRC (2001).  
Mean DM, OM, ash, N, and EAA intake and duodenal flows are shown in Table 2. 
As designed, DMI by the steers was similar (P = 0.90) between treatments. As has been 
previously reported, supplementation of RPL (Paz et al., 2013) or FL (Robinson et al., 
2006) did not affect DMI. Intakes of OM (P = 0.91), ash (P = 0.90), N (P = 0.89), and 
EAA (P ≥ 0.87) were similar across treatments. These results were expected since dietary 
treatments only varied in the type of supplemented Lys product, the chemical and EAA 
composition of the feeds did not vary across periods, and the supplemented amount of 
Lys from each product was equivalent. No differences on duodenal flow of DM (P = 
0.17), OM (P = 0.14), ash (P = 0.20), and N (P = 0.17) were observed. These 
observations matched the similar intake and chemical composition of the basal diet across 
periods. Although the duodenal flow of Lys was expected to differ between treatments, 
flows of other EAA were expected to be similar. Increase of duodenal flow of Lys via 
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supplementation of FL in the diet is not recommended because studies (Robinson et al., 
2005; Robinson et al., 2006) have reported that to increase postruminal supply of Lys 
around 35 to 72 g/d, 1 kilogram of FL has to be fed, consequently it is estimated that 93 
to 96% of the supplemented FL is degraded in the rumen. In the present study, it was 
assumed that none of the supplemented FL in the FLS treatment reached the duodenum 
due to the low level of supplementation. If a difference in duodenal flow of Lys was 
observed between the RPLS treatment and the FLS treatment, the difference would had 
been be attributed to Lys supplied by the RPL product. Contrarily to our hypothesis, 
supplementation with RPL did not increase (P = 0.32) duodenal flow of Lys when 
compared to supplementation of FL. For the remaining EAA, flows to the duodenum 
were similar (P ≥ 0.22) between treatments as expected. Using Yb as a flow marker, 
Blauwiekel et al. (1997) reported an increase in duodenal flow of Lys of 22 g/d when 
supplementing a control diet with 140 g of a rumen protected Lys supplement that was 
estimated to supply 15 g of postruminal Lys. Thus, the lack of response in the duodenal 
flow of Lys by the supplementation of RPL in this study suggests that the rumen 
degradation of the RPL product was greater than expected. The latter might partially 
explain why Paz et al. (2013) did not observe any effect on milk yield, milk protein, and 
plasma concentration of Lys when supplementing diets of lactating dairy cows with both 
the same RPL product and amount used in this study. However, it should be noted that 
compared to the previously mentioned study, steers in the present study had around 2.2 
times lower DMI thus mean retention time in the rumen of the RPL product was most 
likely greater than the one expected on a dairy cow due to the decrease in passage rate of 
ruminal contents (Seo et al., 2009). 
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Digestive markers are commonly used to measure the duodenal flow of AA (Lu et 
al., 1983; Scholljegerdes et al., 2004) and their use can be extended to evaluate rumen 
protected AA. The use of markers to evaluate changes in the duodenal flows of AA due 
to supplementation of rumen protected AA will inherit the intrinsic limitations of these 
techniques (Titgemeyer, 1997); however, data suggest that their use can be accurate 
(Blauwiekel et al., 1997). Despite not observing differences in duodenal flows of Lys 
when supplementing RPL or FL, the observed standard deviations of the differences for 
duodenal flows of Lys and the other EAA observed in this study might be useful to other 
researchers during the planning stage of experiments to determine the sample size. For 
instance, using the observed standard deviation of the difference for Lys flow, it was 
estimated that a samples size of 3 would have been needed to detect the expected flow of 
Lys difference of 22.8 g/d with a power of 0.90. 
 
CONCLUSIONS 
 Protection of specific AA from ruminal degradation is beneficial as is it reduces 
the need to supply excessive supplemental RUP to meet the requirements of the limiting 
AA. In the current study no differences were observed in the flow of Lys when 
supplementing with either FL or RPL. A retrospective power analysis of the data revealed 
that an additional experimental unit would have been needed to detect the expected flow 
of Lys difference of 22.8 g/d between the treatments. Data from this study support the use 
of marker techniques to evaluate flows of AA when feeding rumen protected AA 
products. 
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Table 5.1. Chemical and amino acid composition of feeds and basal diet
1
 
 Feeds
2 
  
Item AH WCGF  basal diet 
Composition, % of DM unless noted     
DM, % as fed 84.1 ± 0.99 60.2 ± 0.07  70.1 ± 0.30 
CP 18.1 ± 0.99 23.8 ± 0.28  21.0 ± 0.35 
NDF 63.6 ± 0.28 35.8 ± 0.57  49.7 ± 0.42 
ADF 48.8 ± 1.56 10.0 ± 0.28  29.4 ± 0.64 
Starch 1.10 ± 0.57 9.60 ± 0.00  5.35 ± 0.28 
Crude fat 1.55 ± 0.21 5.15 ± 0.07  3.35 ± 0.07 
Ash 9.00 ± 0.28 6.05 ± 0.21  7.53 ± 0.25 
Essential amino acids, % of CP     
Arg 3.39 ± 0.07 4.37 ± 0.00  3.95 ± 0.05 
His 1.23 ± 0.27 2.68 ± 0.25  2.05 ± 0.00 
Ile 3.53 ± 0.13 2.90 ± 0.02  3.17 ± 0.06 
Leu 6.14 ± 0.06 6.60 ± 0.08  6.40 ± 0.01 
Lys 3.55 ± 0.25 3.22 ± 0.20  3.36 ± 0.01 
Met 1.19 ± 0.05 1.30 ± 0.02  1.25 ± 0.03 
Phe 4.08 ± 0.03 2.97 ± 0.38  3.45 ± 0.22 
Thr 3.63 ± 0.09 3.25 ± 0.18  3.42 ± 0.07 
Trp 0.72 ± 0.04 0.55 ± 0.05  0.62 ± 0.01 
Val 4.48 ± 0.18 4.13 ± 0.05  4.28 ± 0.10 
1
Values (n = 2) expressed as mean ± standard deviation. 
2
AH = alfalfa hay; WCGF = wet corn gluten feed. 
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Table 5.2. Mean (n = 2) dry matter, organic matter, ash, nitrogen, and essential amino 
acid intakes and flows to the duodenum 
 Treatment
1 
 Paired-difference t-test 
Item RPLS FLS  Difference
2 
StDev P-value 
Intake, g/d       
DM  11641 11631  10.0 98.3 0.90 
OM 10762 10759  3.00 33.2 0.91 
Ash 879 872  7.00 65.1 0.90 
N 391 389  2.00 17.0 0.89 
Arg 96.4 96.2  0.15 1.77 0.92 
His 50.0 49.7  0.15 1.77 0.92 
Ile 77.3 77.3  0.05 0.35 0.87 
Leu 156.4 155.6  0.80 7.07 0.90 
Lys
3 
104.9 104.5  0.45 4.03 0.90 
Met 30.7 30.4  0.30 2.83 0.91 
Phe 84.9 83.4  1.55 14.4 0.90 
Thr 83.7 82.9  0.70 7.07 0.91 
Trp 15.1 15.1  0.01 0.14 1.00 
Val 104.3 104.3  -0.05 0.64 0.93 
Flow, g/d       
DM 3580 3348  232.0 86.97 0.17 
OM 2868 2729  139.0 45.25 0.14 
Ash 712 619  93.0 42.4 0.20 
N 178 161  16.5 6.36 0.17 
Arg 44.1 38.3  5.80 5.09 0.35 
His 18.6 17.8  0.80 1.70 0.63 
Ile 49.3 42.0  7.25 4.74 0.28 
Leu 81.4 69.5  12.0 11.5 0.38 
Lys 63.0 54.7  8.25 6.43 0.32 
Met 15.7 14.1  1.60 1.70 0.41 
Phe 49.9 43.2  6.75 6.15 0.36 
Thr 48.1 42.6  5.55 6.58 0.44 
Trp 9.40 7.70  1.65 0.86 0.22 
Val 58.6 50.2  8.40 6.51 0.32 
1
RPLS = rumen protected Lys supplementation, FLS = free Lys supplementation  
2
Difference = mean of rumen protected Lys diet minus mean of free Lys diet. 
3
Includes the 22.8 g of supplemented Lys. 
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CHAPTER VI 
Evaluation of amino acid utilization in lactating dairy cows consuming distillers 
dried grains with solubles and different levels of fat 
 
H. A. Paz and P. J. Kononoff 
Department of Animal Science, University of Nebraska-Lincoln, Lincoln, Nebraska, 
68583-0908 
 
ABSTRACT 
 Eight multiparous Holstein cows were used in a replicated 4 × 4 Latin square to 
determine the effects of feeding 29% of the diet DM of either conventional or low-fat 
DDGS to dairy cows on lactation responses and AA utilization. Dietary treatments were 1) 
control containing no DDGS (CON), 2) 29% conventional DDGS (DG), 3) 29% low-fat 
DDGS (LF), and 4) 29% low-fat DDGS plus rumen inert fat (LFRIF). Diets were 
formulated to be isonitrogenous (18.1% CP) and isofibrous (35.3% NDF) but not 
isocaloric. Metabolizable energy was expected to be 2.68, 2.73, 2.57, and 2.69 Mcal/kg 
for the CON, DG, LF, and LFRIF diets, respectively. Periods lasted 21 d with the last 3 d 
for data collection. Compared to cows fed the CON diet, cows fed diets containing 
DDGS had a greater DMI (22.7 vs. 26.6 ± 1.14 kg/d),  similar milk yield (31.8 ± 3.0 
kg/d), and greater milk protein concentration (3.09 vs. 3.22 ± 0.08%). A decrease in milk 
fat concentration was observed in cows fed conventional DDGS but not in those fed low-
fat DDGS. Despite a lower concentration of Lys in diets containing DDGS, milk protein 
yield was maintained in cows fed low-fat DDGS and increased in cows fed conventional 
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DDGS compared to cows fed the CON diet.  Plasma concentration of Lys was similar 
across diets and inclusion of DDGS increased concentrations of Leu, Met, and Phe. 
Arteriovenous differences and extraction efficiencies of essential AA were similar across 
diets. Based on extraction efficiencies, Met was the first limiting AA followed by Lys for 
cows fed the CON diet and the opposite was observed for cows fed diets with DDGS. 
Across diets, Arg was the third limiting AA. Overall, feeding high amounts of low-fat 
DDGS did not have negative impacts on lactation responses but increased milk protein 
concentration, whereas feeding high amounts of conventional DDGS decreased milk fat 
concentration. Amino acid utilization was similar for both types of DDGS and 
supplementation of rumen inert-fat did not stimulate milk yield or milk protein synthesis. 
Key words: dairy cow, distillers dried grains with solubles, extraction efficiencies 
 
INTRODUCTION 
Recovery of the corn oil at the back end of the dry milling process as a feedstock 
for biodiesel production provides the ethanol plants the opportunity to increase total fuel 
yield and as a consequence become more profitable. One strategy to recover the oil has 
been to expose the thin stillage to an additional centrifugation step before mixing and 
drying with wet grains to produce distillers dried grains with solubles (DDGS). The 
DDGS that result from the latter process have a lower concentration of fat compared to 
conventional DDGS hence called low-fat DDGS. The fatty acid composition of 
conventional DDGS is characterized by a high concentration of linoleic acid (Moreau et 
al., 2011). Intermediates of the ruminal biohydrogenation of linoleic acid have been 
associated with milk fat depression (Shingfield and Griinari, 2007), thus low-fat DDGS is 
perceived as a coproduct of higher quality for dairy diets when compared to conventional 
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DDGS. However, reduction of the oil content from DDGS decreases the energetic value 
of this feedstuff.  
Information of the effect of feeding low-fat DDGS obtained from centrifugation 
in dairy diets on AA utilization for milk protein synthesis is lacking. Shortage in the 
supply of Lys is commonly attributed to limit milk protein responses by cows fed diets 
containing DDGS (Kleinschmit et al., 2006; Christen et al., 2010). Mjoun et al. (2010a) 
reported that the AA utilization between cows fed conventional DDGS and low-fat 
DDGS where oil was removed by a solvent extraction process was similar. Additionally, 
for cows in both early (Mjoun et al., 2010a) and mid lactation (Mjoun et al., 2010c) 
inclusion of low-fat DDGS at the expense of soy products had no effect on DMI and milk 
yield but increased both milk protein percentage and yield in early lactation cows and 
increased both milk fat percentage and yield in mid lactation cows. Dairy diets can 
include DDGS at 20% of the DM without affecting production responses (Paz et al., 
2013); however, at higher inclusions milk protein can be compromised (Mjoun et al., 
2010c). Energy supply has been observed to be positively correlated with both milk 
protein concentration and protein yield (DePeters and Cant, 1992). Rius et al. (2010) 
suggests that the effect of energy supply on milk protein is independent of MP supply and 
discussed that this effect might be mediated by stimulating milk protein output thus 
increasing uptake of AA by the mammary gland and decreasing recycling of AA to other 
tissues. Positive milk protein responses had been observed when feeding conventional 
DDGS (Janicek et al., 2008) which in part could be attributed to a greater energy supply; 
however, concomitantly negative milk fat responses could occur (Ramirez-Ramirez et al., 
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2012) which could suggest that the negative effects of biohydrogenation intermediates on 
milk fat synthesis divert energy for milk protein synthesis. 
We hypothesized that feeding conventional or low-fat DDGS at 29% of the diet 
DM will have a negative impact on milk protein responses but the effect will be more 
pronounced when feeding low-fat DDGS; however, feeding low-fat DDGS will reduce 
the risk of milk fat depression. Thus, the main objectives of this study were to determine 
the effects of feeding high amounts of either conventional or low-fat DDGS to dairy cows 
on lactation responses and AA utilization.  
 
MATERIALS AND METHODS 
Animals, diets, and experimental design 
Eight multiparous Holstein cows averaging 113 ± 18 DIM were assigned to a 
replicated 4 × 4 Latin square. Cows were randomly assigned to squares and squares 
differed in treatment sequence. Experimental periods lasted 21 d and consisted of 18 d for 
diet adaptation and 3 d for data and samples collection. Cows were housed in tie stalls 
with continuous access to water, fed once daily at 1000 h for ad libitum consumption to 
obtain approximately 10% orts, and milked twice daily at 0700 h and 1900 h. After each 
milking, cows were allowed to exercise in an outside lot for at least 1 h. Animal care and 
experimental procedures were conducted according to the guidelines of the University of 
Nebraska-Lincoln Animal Care and Use Committee.  
Cows were offered 1 of the 4 following diets (Table 6.1): 1) control containing no 
DDGS (CON), 2) 29% conventional DDGS (DG), 3) 29% low-fat DDGS (LF), and 4) 29% 
low-fat DDGS plus rumen inert fat (LFRIF). Diets were formulated using the Cornell-
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Penn-Miner (CPM) Dairy model v3.0 (Boston et al., 2000) to be isonitrogenous (18.1% 
CP) and isofibrous (35.3% NDF) but not isocaloric and to meet or exceed the 
requirements of a lactating dairy cow weighing 680 kg, with a BCS of 3.00, consuming 
23.3 kg of feed daily, and producing 38.6 kg of milk daily with a composition of 3.0 and 
3.5% of true protein and fat, respectively. The CON diet was comprised of 45.7% forage 
and 54.3% concentrate while diets containing DDGS were comprised of 35.6% forage 
and 64.4% concentrate. To prepare the TMRs, forages and cottonseed were premixed in a 
mixer wagon (Roto-Mix 312, Dodge City, KS) and subsequently added into the Calan 
Data Ranger (American Calan, Inc., Northwood, NH) with the specific concentrate for 
each diet. Inclusions of corn and alfalfa silages in the diets were adjusted weekly to 
account for the DM fluctuations of these forages. Individual intake of the TMR, refusals, 
and milk yield were recorded daily during the entire experiment. 
Sampling period measurements 
Forages, cottonseed, DDGS, and concentrates were collected daily, refrigerated 
(4 °C), and composited at the end of each period. Composites were divided into two 
subsamples. One subsample from each composite was dried for 48 h at 55°C in a forced 
air oven, subsequently ground with a Wiley Mill (1-mm screen, Arthur A. Thomas Co., 
Philadelphia, PA). Ground samples were send to the Experimental Station Chemical 
Laboratories, University of Missouri-Columbia (Columbia, MO) and analyzed for AA 
(Hitachi L-8800 amino acid analyzer; Hitachi Co., Tokyo, Japan). The other subsample 
from each composite was send to Cumberland Valley Analytical Services Inc. 
(Hagerstown, MD) and analyzed for DM (AOAC, 2000), N (Leco FP-528 Nitrogen 
Combustion Analyzer; Leco Corp., St. Joseph, MI 49085), ADF (method 973.18; AOAC, 
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2000), NDF (Van Soest et al., 1991), ether extract (2003.05; AOAC, 2006), ash (942.05; 
AOAC, 2000), NFC, Ca, P, Mg, K, Na, Fe, Mn, Zn, Cu and pH analysis (ensiled silages) 
(Mettler DL12 Titrator; Mettler-Toledo Inc., Columbus, OH). Chemical and AA 
composition of the diets were calculated based on the analysis of the forages, cottonseed, 
and concentrates and their respective proportions in the diets. 
Samples of TMR were collected daily at the time of feeding, refrigerated (4 °C), 
and composited at the end of each period. Composites of the TMR were used to evaluate 
particle size using the Penn State Particle Separator (PSPS) as outlined by Heinrichs and 
Kononoff (2002) and a sample was analyzed for DM (48 h 55°C oven) to determine DMI 
by the cows. Body weight was measured daily and BCS was measured on the last d of 
each period. Body condition score was measured independently by two trained 
individuals using a method similar to that of Wildman et al. (1982) but reported to the 
quarter point and the mean of the scores represented the measured BCS for each cow 
during each period. Milk samples were collected during six consecutive milkings (a.m. 
and p.m.) and were preserved using 2-bromo-2nitropropane-1,3 diol. Milk samples were 
analyzed for true protein, fat, and lactose by infrared spectroscopy (B200 Infrared 
Analyzer; Bentley Instruments, Chaska, MN), MUN by a modified Berthelot reaction 
(ChemSpec 150 Analyzer; Bently Instruments, Chaska, MN) and SCC using a flow 
cytometer laser (Somacount 500; Bently Instruments, Chaska, MN) by Heart of America 
DHIA (Manhattan, KS). 
Plasma AA 
On d 20 and d 21, blood samples from each cow were collected at 3 h after 
feeding via venipuncture of the coccygeal artery and subcutaneous abdominal vein into 
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10-mL evacuated tubes containing K2EDTA (Becton Dickinson and Co., Rutherford, NJ). 
Samples were immediately placed in an ice bath and centrifuged within 45 min at 3,300 × 
g for 20 min. An aliquot of 4 mL of plasma was deproteinized (4 vol of plasma were 
vortexed with 1 vol of 15% sulfosalicylic acid) and then placed in the refrigerator for 10 
min at 4°C before centrifuging at 3,300 × g for 20 min. The supernatant was collected 
and 0.30-mL aliquots were placed into Nunc CryoTube vials (Nalge Nunc International, 
Roskilde, Denmark) and stored at –80°C until analyzed for plasma free AA (Fekkes, 
1996) using a Hitachi L-8800 amino acid analyzer by the Experimental Station Chemical 
Laboratories, University of Missouri-Columbia (Columbia, MO). Between sampling d, 
the deproteinized plasma samples were stored at -20⁰C. For each cow, deproteinized 
plasma samples obtained on d 21 from the coccygeal artery and subcutaneous abdominal 
vein were pooled with the respective sample obtained the previous d. Plasma 
concentrations (µg/mL) of AA were adjusted to account for the use of 15% sulfosalicylic 
acid. The concentration of each AA in arterial and venous plasma was used to estimate 
extraction efficiency as: (ateriovenous (AV) difference / arterial concentration) × 100.  
Statistical analysis 
 Production measures, arterial and venous plasma concentration of AA, and 
extraction efficiencies of AA were analyzed using PROC MIXED of SAS (SAS Institute, 
2008) based on the following model: Yijkl = µ + Si + Pj + Ck:i + Tl + εijkl; where Yijkl is 
the dependent variable, µ is the overall mean, Si is the random effect of square (1 df), Pj 
is the random effect of period (3 df), Tl is the fixed effect of treatment (3 df), Ck:I is the 
random effect of cow within square (6 df), and εijkl is the residual error (17 df). Effects of 
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treatments were declared significant at P < 0.05 and trends at P ≤ 0.10 and highest SEM 
are reported. 
 
RESULTS AND DISCUSSION 
 The chemical compositions of the feeds and of the concentrates are shown in 
Table 6.2 and Table 6.3, respectively. Chemical composition of the forages and 
cottonseed was similar to published values (NRC, 2001). Compared to conventional 
DDGS (12% fat), low-fat DDGS had slightly higher concentrations of protein, NDF, and 
ash and around half the concentration of fat (6.64%). Both types of DDGS had a higher 
concentration of S (averaged 0.96%) than that reported by the NRC (2001) (0.44%) 
reflecting the use sulfuric acid during the milling (Belyea et al., 2006) and cleaning 
processes. As expected, concentrates had similar concentration of CP (averaged 21.5%). 
Replacing corn and soybean products with either type of DDGS decreased the 
concentration of starch and increased the concentration of NDF. The AA compositions of 
the feeds and of the concentrates are shown in Table 6.4 and Table 6.5, respectively. 
Alfalfa silage and hay and cottonseed used during this experiment had a lower protein 
quality than typically reported (NRC, 2001) as assessed by their low total essential AA 
(TEAA) composition. The AA composition of both types of DDGS was similar and the 
concentration of Lys (averaged 3.19%) was greater than the one published in the NRC 
(2001) which is common of present DDGS (Mjoun et al., 2010b). The concentration of 
TEAA was similar across concentrates; however, inclusion of both types of DDGS 
decreased the concentrations of Arg, Lys, and Trp, whereas concentrations of Leu and 
Met increased. 
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The chemical composition and particle size distribution of the diets are shown in 
Table 6.6. Consistent with formulation diets were isonitrogenous averaging 18.5% CP. 
Diets containing DDGS had 10% less forage than the CON diet, nevertheless NDF 
concentration was similar across diets due to the fiber provided by DDGS and soybean 
hulls in the DDGS diets. Updated predictions of ME by the CPM Dairy model were 2.51, 
2.60, 2.48, and 2.55 Mcal/kg for the CON, DG, LF, and LFRIF diets, respectively. These 
values were lower than anticipated but expected differences were maintained. The 
proportion of particles retained in the >19-mm, 8-mm, and 1.18-mm screens and bottom 
pan (<1.18-mm) of the Penn State Particle Separator (PSPS) was 15.0, 27.1, 34.6 and 
23.3%; respectively, for the CON diet and averaged 8.98, 18.4, 26.1, and 46.5%; 
respectively, across diets containing DDGS. For diets containing DDGS the proportion of 
particles <1.18-mm was higher than recommended (Heinrichs and Kononoff, 2002); 
however, this was expected since the inclusion of both types of DDGS was high (29%) 
and DDGS are characterized by a mean particle size smaller than 1.18-mm (Kelzer et al., 
2010). 
The AA composition of the diets is shown in Table 6.7. Concentration of TEAA 
was similar across diets and averaged 37%. For specific AA, differences between the 
CON diet and diets containing DDGS reflected AA profile of the concentrates. Diets 
containing DDGS had a lower concentration of Arg (16.0%), Lys (17.5%), and Trp 
(17.5%) and a higher concentration of Leu (16.7%) and Met (23.5%) compared to the 
CON diet. 
Treatment effects on intake, BW, BCS, milk production and composition are 
shown in Table 6.8. Cows fed diets containing DDGS consumed around 3.9 kg/d of DM 
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more (P = 0.03) than those fed the CON diet. Effect of DDGS on DMI had been 
associated with the particle size of the diet (Paz et al., 2013). Similar to this study, 
Janicek et al. (2008) reported that by replacing both forage and concentrate in the diet 
with high amounts of DDGS (30% of the diet DM), reduction in mean particle size of the 
diet resulted in an increase in DMI; however, when only concentrate is replaced no effect 
on DMI had been observed (Mjoun et al., 2010c). Compared to cows fed the CON diet, 
greater DMI by cows fed diets containing DDGS resulted in similar intakes (Table 6.9) of 
Arg, Lys, and Trp despite a lower concentration of these AA in the DDGS diets, and 
increased intakes of His (P = 0.04), Leu (P < 0.001), Met (P < 0.001), Phe (P = 0.04), and 
Thr (P = 0.01) and tended to increase intakes of Ile (P =0.10) and Val (P = 0.09). Overall, 
intake of total essential AA was greater (P = 0.03) for cows fed diets containing DDGS 
than for cows fed the CON diet, 1820 and 1565 g/d, respectively. For nonessential AA, 
intakes of Ala (P = 0.003), Cys (P = 0.001), Gly (P = 0.02), Pro (P < 0.001), Ser (P = 
0.01), and Tyr (P < 0.001) increased and intake of Glu tended (P = 0.06) to increase in 
cows fed diets containing DDGS compared to those fed the CON diet. Yields of milk (P 
= 0.26) and 3.5% FCM (P = 0.80) were similar across treatments and averaged 31.8 and 
31.9 kg/d, respectively. A deficiency in the supply of Lys can negatively impact milk 
protein concentration when diets include DDGS up to 30% of DM (Mjoun et al., 2010c). 
In the present study, plasma concentration of Lys was similar across treatments and milk 
protein concentration was greater (P = 0.01) for cows fed diets containing DDGS 
compared to cows fed the CON diet, 3.22 and 3.09%, respectively. Milk protein 
concentration differences translated into similar milk protein yield for cows fed both 
types of DDGS and a tendency (P = 0.08) for higher milk protein yield for cows fed 
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conventional DDGS compared to those fed the CON diet. Mjoun et al. (2010a) suggested 
that the inclusion of DDGS enhanced milk protein yield via an increase in the uptake of 
Met and branched-chain AA and increased supply of nonessential AA. In this study none 
of the latter responses were observed. Greater (P = 0.02) plasma concentrations of Met 
and branched-chain AA in cows fed diets containing DDGS compared to those fed the 
CON diet but similar arteriovenous differences across treatments suggest that uptake of 
Met and branched-chain AA was similar and plasma concentration of nonessential AA 
was similar and averaged 131 µg/mL across treatments. Inclusion of both types of DDGS 
promoted an increase of total CP (P = 0.03), RUP (P = 0.006), and ME (P = 0.01) intakes, 
factors that could have enhanced milk protein yield. To explore these options, milk 
protein yield was regressed against CP, RUP, and ME intakes (Figure 6.1). Metabolizable 
energy (P < 0.01, R
2 
= 0.41) and CP (P < 0.01, R
2 
= 0.40) intakes were better predictors 
of milk protein yield than RUP intake (P = 0.01, R
2
 = 0.21). Greater CP intake most 
likely resulted in the increased MUN values (Broderick and Clayton, 1997) observed in 
cows fed diets with DDGS. Compared to cows fed the CON diet, milk fat concentration 
was lower in cows fed conventional DDGS and similar in cows fed low-fat DDGS. These 
observations are consistent with previous studies in which conventional DDGS (Ramirez-
Ramirez et al., 2012) or low-fat DDGS obtained by solvent extraction (Mjoun et al., 
2010c) constituted 30% of the diet DM. Inclusion of high amounts of conventional 
DDGS in the diet increases the supply of polyunsaturated fatty acids, namely linoleic acid, 
whose ruminal biohydrogenation intermediates can lead to milk fat depression. However, 
diets had been successfully formulated to include similar amounts of conventional DDGS 
as the ones fed in this study without negative impacts on milk fat concentration (Janicek 
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et al., 2008) which supports the idea milk fat depression is a syndrome that encompasses 
other dietary factors such as particle size (Paz et al., 2013) and fermentability (Ramirez-
Ramirez et al., 2012). Milk fat yield averaged 1.12 kg/d across treatments. Lower milk fat 
percentage but numerically greater milk yield aided cows fed conventional DDGS to 
produce similar fat yields compared to cows fed the other treatments. Feeding both types 
of DDGS positively affected BW and BW change presumably by an increase in energy 
balance; however, it is not possible to completely attribute this response to treatments due 
to the design structure and short feeding periods used in this experiment.  
The mammary gland extracts AA for milk protein synthesis from the blood free 
AA pool, thus plasma concentration of AA has been used to assess differences in the 
availability of AA to the mammary gland. Effect of treatments on plasma concentrations 
of AA from the coccygeal artery is shown in Table 6.10. Inclusion of DDGS increased 
plasma concentrations of Leu (P = 0.0007), Met (P = 0.0004), and Phe (P = 0.03). For 
nonessential AA, inclusion of DDGS  increased plasma concentrations of Ala (P = 0.07), 
Pro (P = 0.0012), and Tyr (P = 0.05). Overall, plasma concentration of AA better 
reflected AA intake than dietary profile of AA due to the difference in DMI between 
cows fed the CON diet and cows fed diets with DDGS. Mjoun et al. (2010b) reported that 
the profile of AA in the RUP of low-fat DDGS obtained by solvent extraction paralleled 
that of conventional DDGS and that their intestinal digestibility was similar, thus similar 
responses in plasma concentration of AA between cows fed the two types of DDGS in 
this experiment were expected. Inclusion of high amounts of DDGS decreases the flow of 
Lys to the duodenum (Paz et al., 2013) and this is reflected by a decrease in plasma 
concentration of Lys (Mjoun et al., 2010c). In this experiment, plasma concentration of 
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Lys was similar across treatments and we believe that this was observed despite the fact 
that these diets contained lower concentrations of Lys because DDGS resulted in 
increased DMI. Responses in plasma concentration of AA from the subcutaneous vein 
(Table 6.11) generally were similar to those observed from plasma of the coccygeal 
artery. Concentrations of Leu (P = 0.0001), Met (P = 0.02), Pro (P = 0.0002), and Tyr (P 
= 0.08) were higher in cows fed diets with DDGS compared to those fed the CON diet. 
Arteriovenous differences of all AA except for Ser were not affected by treatments 
(Table 6.12). Arteriovenous difference of Ser tended (P = 0.07) to be higher in cows fed 
diet with DDGS.  
Effect of diets on mammary extraction efficiencies of essential AA is shown on 
Table 6.13. Extraction efficiency of His tended (P = 0.10) to be higher for cows fed the 
LFRIF diet compared to those fed the other diets. Extraction efficiencies were similar 
across treatments for the rest of the essential AA. Overall, AA utilization was similar for 
both types of DDGS and supplementation of rumen inert-fat to diets with low-fat DDGS 
did not stimulate an increase in AA extraction efficiencies. Extraction efficiency, transfer 
efficiency, and uptake to output ratio of AA in the mammary gland had been used to 
identify the AA that limit milk protein synthesis. Extraction efficiency has been 
suggested to be a more accurate method to estimate limiting AA because it accounts for 
the total AA needs (synthesis and catabolism) of the mammary gland (Mulrooney et al., 
2009) and does not include the error associated with the measurement of mammary blood 
flow (Nichols et al., 1998). Using this method, AA are ranked in a descending order 
which means that the AA with the highest extraction efficiency is the first limiting AA. 
Based on extraction efficiencies, Met was the first limiting AA followed by Lys in the 
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CON diet, whereas Lys was the first limiting AA followed by Met in the diets containing 
DDGS. These observations are in agreement with studies in which DDGS or soy products 
are the main protein supplements (Nichols et al., 1998; Christen et al., 2010). Across 
treatments, Arg was the third limiting AA. In diets containing up to 20% DDGS, Phe is 
usually reported as the third limiting AA (Christen et al., 2010); however, at higher 
inclusions Arg has been observed to become more limiting (Mjoun et al., 2010c).  
 
CONCLUSIONS 
Feeding lactating dairy cows with either conventional or low-fat DDGS up to 29% 
of the diet DM increased DMI and milk protein concentration. Amino acid utilization was 
similar for both the conventional and low-fat DDGS and did not respond to 
supplementation of rumen-inert fat. For diets containing DDGS, Lys, Met, and Arg were 
observed to be the first three limiting AA. Low-fat DDGS are an alternative to 
circumvent the risk of milk fat depression caused by high inclusion of conventional 
DDGS. 
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Table 6.1. Ingredient composition of the diets 
 Diets
1 
 CON
 
DG  LF LFRIF 
Corn silage 21.4 18.7 18.7 18.7 
Alfalfa silage 9.72 5.84 5.84 5.84 
Alfalfa hay 9.72 5.84 5.84 5.84 
Brome hay 4.86 5.26 5.26 5.26 
Ground corn 21.4 11.7 9.74 9.74 
Soybean hulls 9.72 14.6 17.5 15.6 
Cottonseed 7.77 3.89 3.89 3.89 
Soybean meal, 44% 6.03 0.0 0.0 0.0 
Soy Pass
2 
5.83 1.95 1.36 1.36 
Blood meal 0.97 0.39 0.0 0.0 
Distillers dried grains with solubles
 
0.0 29.2 0.0 0.0 
Low-fat distillers dried grains with solubles
 
0.0 0.0 29.2 29.2 
Megalac
3 
0.0 0.0 0.0 1.95 
Limestone 1.17 1.17 1.17 1.17 
Sodium bicarbonate  0.49 0.49 0.49 0.49 
Salt 0.49 0.49 0.49 0.49 
Magnesium oxide 0.25 0.25 0.25 0.25 
Trace minerals
4 
0.12 0.12 0.12 0.12 
Vitamin premix
5 
0.12 0.12 0.12 0.12 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
 LignoTech, Overland Park, KS.  
3
Church and Dwight Inc., Princeton, NJ. 
4
Contained 13.9% Ca, 0.03 % P, 0.42 % Mg, 0.20% K, 4.20% S, 0.08% Na, 0.03% Cl, 
445 ppm Fe, 60021 ppm Zn, 17, 375 ppm Cu, 43, 470 ppm Mn, 287 ppm Se, 527 ppm 
Co, and 870 ppm I. 
5
Provided approximately 5770 KIU/kg vitamin A, 1460 KIU/kg of vitamin D, and 46400 
KIU/kg of vitamin E. 
 
 
 
 
 
1
4
3
 
Table 6.2. Chemical composition of feeds
1
 
 Feeds
2 
Item
3 
Alfalfa hay Alfalfa silage Brome hay Corn silage Cottonseed DDGS
 
LFDDGS
 
DM, % as fed 87.6 ± 0.66 35.2 ± 7.13 88.5 ± 1.23 33.3 ± 0.99 90.0 ± 2.12 91.6 ± 0.40 89.8 ± 0.38 
CP 21.7 ± 1.25 21.9 ± 0.88 10.7 ± 0.52 8.90 ± 0.14 22.0 ± 1.47 29.1 ± 0.74 31.5 ± 0.06 
ADF 35.1 ± 2.49 37.7 ± 4.51 44.6 ± 1.15 25.7 ± 0.90 34.0 ± 0.61 10.7 ± 1.40 11.0 ± 1.44 
NDF 40.9 ± 1.65 42.1 ± 3.35 71.9 ± 3.97 39.4 ± 1.27 47.5 ± 3.25 35.5 ± 5.01 37.7 ± 4.34 
Lignin 7.32 ± 0.52 8.31 ± 1.17 5.62 ± 0.51 3.03 ± 0.51 12.4 ± 3.89 2.79 ± 0.29 2.76 ± 0.58 
Sugar 5.58 ± 1.04 1.85 ± 0.64 4.38 ± 1.98 0.80 ± 0.26 5.33 ± 1.72 3.75 ± 0.58 3.55 ± 0.70 
Starch 2.05 ± 0.54 1.28 ± 0.91 1.30 ± 0.74 35.7 ± 2.61 1.28 ± 0.57 6.98 ± 0.15 6.68 ± 0.42 
Crude fat 1.96 ± 0.29 3.04 ± 0.30 1.96 ± 0.27 2.92 ± 0.15 19.4 ± 0.42 12.0 ± 0.41 6.64 ± 1.17 
NFC
4 
23.6 ± 1.50 20.8 ± 3.97 6.08 ± 3.51 43.1 ± 1.11 6.80 ± 3.22 18.3 ± 5.45 18.6 ± 4.87 
Ash 11.8 ± 0.77 12.2 ± 0.14 9.36 ± 0.42 5.69 ± 0.34 4.35 ± 0.41 5.10 ± 0.20 5.60 ± 0.24 
Ca 1.26 ± 0.10 1.56 ± 0.13 0.30 ± 0.05 0.23 ± 0.02 0.19 ± 0.02 0.03 ± 0.01 0.08 ± 0.01 
P 0.31 ± 0.03 0.31 ± 0.03 0.30 ± 0.02 0.30 ± 0.04 0.60 ± 0.04 0.97 ± 0.03 1.04 ± 0.02 
Mg 0.21 ± 0.02 0.24 ± 0.03 0.11 ± 0.01 0.14 ± 0.01 0.37 ± 0.01 0.35 ± 0.01 0.40 ± 0.01 
K 3.68 ± 0.27 3.92 ± 0.15 2.58 ± 0.39 1.22 ± 0.04 1.22 ± 0.05 1.26 ± 0.08 1.37 ± 0.08 
S 0.27 ± 0.03 0.32 ± 0.03 0.16 ± 0.01 0.14 ± 0.02 0.25 ± 0.04 0.91 ± 0.06 1.01 ± 0.05 
Na 0.02 ± <0.01 0.03 ± 0.01 0.01 ± <0.01 0.01 ± <0.01 0.03 ± 001 0.13 ± 0.01 0.27 ± 0.01 
Cl 0.58 ± 0.11 0.72 ± 0.07 0.62 ± 0.16 0.19 ± 0.04 0.07 ± 0.01 0.14 ± 0.01 0.19 ± 0.01 
Fe (PPM) 378 ± 167 188 ± 29.8 165 ± 20.1 146 ± 22.8 75.3 ± 12.0 75.0 ± 6.00 88.5 ± 8.23 
Mn (PPM) 46.0 ± 8.04 39.3 ± 3.30 41.5 ± 12.0 28.8 ± 1.26 18.0 ± 2.16 16.8 ± 0.96 18.3 ± 0.50 
Zn (PPM) 26.0 ± 3.16 27.5 ± 2.08 26.3 ± 4.65 35.0 ± 4.08 43.3 ± 13.3 73.5 ± 3.79 71.0 ± 2.71 
Cu (PPM) 10.3 ± 0.96 11.3 ± 0.96 15.0 ± 6.06 9.75 ± 2.22 9.00 ± 1.15 1.75 ± 0.50 1.75 ± 0.96 
pH  5.10 ± 0.42  3.83 ± 0.15    
1
Values expressed as mean ± standard deviation (n = 4). 
2
DDGS = distillers dried grains with solubles; LFDDGS = low-fat DDGS.  
3
Values are expressed in % DM unless otherwise noted. 
4
NFC = Nonfiber carbohydrate calculated by difference 100 – (% NDF + % CP + % fat + % ash) 
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Table 6.3. Chemical composition of concentrates
1
 
 Concentrates
2
 
Item
3 
CON
 
DG  LF LFRIF 
DM, % as fed 88.7 ± 0.42 91.0 ± 0.29 90.4 ± 0.74 90.3 ± 0.29 
CP 21.8 ± 0.41  21.0 ± 0.21 21.8 ± 0.22 21.7 ± 0.94 
ADF 12.4 ± 0.70 13.7 ± 1.92 16.2 ± 1.12 17.8 ± 1.31 
NDF 27.2 ± 3.49 35.0 ± 3.65 36.0 ± 4.09 33.8 ± 1.56 
Lignin 2.44 ± 0.37 2.45 ± 0.24 2.67 ± 0.63 2.83 ± 0.20 
Sugar 5.85 ± 0.47 3.63 ± 0.36 3.83 ± 0.30 3.40 ± 0.64 
Starch 35.6 ± 1.71 19.2 ± 1.86 18.1 ± 0.91 15.8 ± 1.41 
Crude fat 2.55 ± 0.24 6.82 ± 0.21 4.12 ± 0.14 5.55 ± 0.67 
NFC
4 
40.1 ± 4.00 29.6 ± 3.57 29.9 ± 4.29 30.6 ± 1.79 
Ash 8.34 ± 0.36 7.57 ± 0.29 8.18 ± 0.24 8.35 ± 0.26 
Ca 1.50 ± 0.09 1.10 ± 0.09 1.13 ± 0.11 1.39 ± 0.03 
P 0.38 ± 0.01 0.61 ± 0.01 0.65 ± 0.02 0.63 ± 0.02 
Mg 0.46 ± 0.04 0.51 ± 0.03 0.56 ± 0.07 0.55 ± 0.01 
K 1.22 ± 0.06 1.17 ± 0.07 1.28 ± 0.07 1.25 ± 0.04 
S 0.25 ± 0.02 0.53 ± 0.01 0.57 ± 0.02 0.55 ± 0.01 
Na 0.62 ± 0.10 0.50 ± 0.09 0.65 ± 0.06 0.66 ± 0.03 
Cl 0.61 ± 0.09 0.56 ± 0.02 0.61 ± 0.05 0.57 ± 0.04 
Fe (PPM) 345 ± 49.5 274 ± 20.6 269 ± 43.6 290 ± 8.27 
Mn (PPM) 62.3 ± 2.87 66.5 ± 12.5 65.0 ± 7.83 72.3 ± 24.0 
Zn (PPM) 108 ± 19.0 157 ± 87.5 131 ± 43.7 159 ± 16.1 
Cu (PPM) 37.3 ± 10.1 35.5 ± 6.24 32.5 ± 1.00 34.3 ± 7.89 
1
Values expressed as mean ± standard deviation (n = 4). 
2
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
3
Values are expressed in % DM unless otherwise noted. 
4
NFC = Nonfiber carbohydrate calculated by difference 100 – (% NDF + % CP + % fat 
+ % ash) 
 
 
 
 
 
 
1
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Table 6.4. Amino acids composition of feeds
1
 
 Feeds
2 
Item
 
Alfalfa hay Alfalfa silage Brome hay Corn silage Cottonseed DDGS
 
LFDDGS
 
Essential AA, % of CP        
Arg 3.65 ± 0.53 1.53 ± 0.22 3.82 ± 0.22 1.30 ± 0.13 8.66 ± 5.98 4.34 ± 0.14 4.18 ± 0.11 
His 1.59 ± 0.24 1.08 ± 0.10 1.35 ± 0.11 1.12 ± 0.20 2.20 ± 1.50 2.58 ± 0.22 2.65 ± 0.14 
Ile 3.69 ± 0.50 3.73 ± 0.32 3.37 ± 0.23 3.12 ± 0.23 2.63 ± 1.80 3.62 ± 0.20 3.65 ± 0.13 
Leu 6.08 ± 0.80 5.68 ± 0.26 6.37 ± 0.41 8.07 ± 0.45 4.81 ± 3.29 10.2 ± 0.24 10.9 ± 0.19 
Lys 4.24 ± 0.61 2.77 ± 0.87 3.41 ± 0.14 1.75 ± 0.26 3.77 ± 2.56 3.25 ± 0.13 3.12 ± 0.06 
Met 1.20 ± 0.21 1.03 ± 0.05 1.40 ± 0.08 1.49 ± 0.15 1.26 ± 0.86 1.80 ± 0.05 1.93 ± 0.09 
Phe 4.02 ± 0.58 3.14 ± 0.17 4.00 ± 0.23 3.11 ± 0.23 4.14 ± 2.83 4.20 ± 0.48 4.35 ± 0.36 
Thr 3.53 ± 0.37 2.61 ± 0.38 3.45 ± 0.21 2.79 ± 0.50 2.57 ± 1.76 3.63 ± 0.12 3.61 ± 0.20 
Trp 0.88 ± 0.11 0.26 ± 0.15 0.52 ± 0.13 0.45 ± 0.01 0.67 ± 0.47 0.73 ± 0.06 0.62 ± 0.08 
Val 4.82 ± 0.60 4.74 ± 0.44 4.37 ± 0.29 4.30 ± 0.27 3.66 ± 2.51 4.67 ± 0.22 4.65 ± 0.08 
TEAA
3
, % of CP 33.7 ± 4.48 26.5 ± 1.02 32.1 ± 1.81 27.5 ± 1.94 34.4 ± 23.5 39.0 ± 1.42 39.6 ± 0.54 
Nonessential AA
4
, % of CP        
Ala 4.46 ± 0.58 9.83 ± 3.99 5.09 ± 0.28 9.37 ± 0.57 3.20 ± 2.19 6.57 ± 0.14 6.62 ± 0.09 
Asp 11.3 ± 0.90 5.91 ± 1.97 6.85 ± 0.42 3.67 ± 0.37 7.26 ± 4.98 6.18 ± 0.20 6.02 ± 0.04 
Cys 1.02 ± 0.13 0.63 ± 0.05 0.77 ± 0.06 0.84 ± 0.11 1.28 ± 0.88 1.84 ± 0.05 1.89 ± 0.01 
Glu 7.42 ± 1.06 5.34 ± 0.99 8.12 ± 0.48 9.26 ± 1.07 14.1 ± 9.61 13.0 ± 0.77 13.6 ± 0.99 
Gly 3.98 ± 0.58 3.83 ± 0.33 4.24 ± 0.23 3.64 ± 0.36 3.36 ± 2.30 3.92 ± 0.09 3.76 ± 0.05 
Hyl 1.08 ± 0.12 4.56 ± 1.79 0.73 ± 0.09 4.27 ± 0.33 0.12 ± 0.09 0.39 ± 0.14 0.32 ± 0.13 
Hyp 0.76 ± 0.50 0.99 ± 0.07 0.26 ± 0.12 0.24 ± 0.17 0.66 ± 0.44 0.52 ± 0.41 0.49 ± 0.41 
Orn 0.07 ± 0.02 0.52 ± 0.33 0.07 ± 0.05 0.34 ± 0.03 0.05 ± 0.04 0.16 ± 0.02 0.17 ± 0.01 
Pro 7.22 ± 0.31 3.83 ± 0.48 4.15 ± 0.35 5.55 ± 0.39 2.91 ± 2.00 7.18 ± 0.40 7.71 ± 0.09 
Ser 3.31 ± 0.29 1.91 ± 0.74 2.82 ± 0.19 1.98 ± 0.20 3.03 ± 2.07 4.10 ± 0.15 3.94 ± 0.70 
Tau 0.21 ± 0.13 0.21 ± 0.15 0.38 ± 0.24 0.42 ± 0.37 0.12 ± 0.09 0.10 ± 0.06 0.51 ± 0.76 
Tyr 2.66 ± 0.32 1.85 ± 0.18 2.12 ± 0.10 1.58 ± 0.16 2.24 ± 1.54 3.43 ± 0.14 3.60 ± 0.18 
1
Values expressed as mean ± standard deviation (n = 4). 
2
DDGS = distillers dried grains with solubles; LFDDGS = low-fat DDGS.  
 
 
 
 
1
4
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3
TEAA = total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
4
 Hyl = hydroxylysine; Hyp = hydroxyproline. 
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Table 6.5. Amino acids composition of concentrates
1
 
 Concentrates
2
 
Item
3 
CON
 
DG  LF LFRIF 
Essential AA, % of CP     
Arg 5.71 ± 0.21 4.53 ± 0.11 4.66 ± 0.30 4.36 ± 0.13 
His 2.85 ± 0.20 2.58 ± 0.20 2.69 ± 0.26 2.62 ± 0.18 
Ile 3.88 ± 0.22 3.48 ± 0.17 3.82 ± 0.12 3.66 ± 0.27 
Leu 8.45 ± 0.40 9.75 ± 0.58 10.2 ± 0.42 9.88 ± 0.54 
Lys 5.20 ± 0.14 3.93 ± 0.11 3.90 ± 0.31 3.65 ± 0.03 
Met 1.34 ± 0.03 1.59 ± 0.07 1.81 ± 0.17 1.65 ± 0.10 
Phe 4.69 ± 0.19 4.47 ± 0.18 4.61 ± 0.27 4.44 ± 0.21 
Thr 3.50 ± 0.24 3.59 ± 0.13 3.62 ± 0.17 3.47 ± 0.15 
Trp 0.98 ± 0.16 0.75 ± 0.06 0.75 ± 0.15 0.66 ± 0.09 
Val 4.86 ± 0.14 4.67 ± 0.19 4.76 ± 0.26 4.59 ± 0.15 
TEAA
3
, , % of CP 41.5 ± 1.29 39.3 ± 1.58 40.8 ± 2.16 39.0 ± 1.52 
Nonessential AA
4
, % of CP     
Ala 4.92 ± 0.28 6.19 ± 0.45 6.23 ± 0.32 6.09 ± 0.37 
Asp 9.75 ± 0.67 7.14 ± 0.14 7.17 ± 0.46 6.72 ± 0.21 
Cys 1.42 ± 0.06 1.64 ± 0.05 1.89 ± 0.17 1.71 ± 0.12 
Glu 15.6 ± 0.62 13.7 ± 0.54 14.4 ± 0.62 14.0 ± 0.73 
Gly 4.51 ± 0.19 4.44 ± 0.20 4.51 ± 0.26 4.32 ± 0.18 
Hyl 0.14 ± 0.03 0.33 ± 0.08 0.26 ± 0.07 0.27 ± 0.07 
Hyp 0.46 ± 0.31 0.74 ± 0.56 0.71 ± 0.50 0.65 ± 0.44 
Orn 0.07 ± 0.03 0.12 ± 0.03 0.15 ± 0.02 0.13 ± 0.02 
Pro 5.35 ± 0.15 6.68 ± 0.36 7.27 ± 0.25 7.20 ± 0.22 
Ser 4.12 ± 0.58 4.27 ± 0.21 4.19 ± 0.18 4.00 ± 0.27 
Tau 0.28 ± 0.20 0.23 ± 0.15 0.21 ± 0.15 0.22 ± 0.18 
Tyr 3.30 ± 0.22 3.49 ± 0.20 3.66 ± 0.12 3.55 ± 0.18 
1
Values expressed as mean ± standard deviation (n = 4). 
2
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat 
3
Values are expressed in % DM unless otherwise noted. 
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Table 6.6. Chemical composition and particle size distribution of diets 
 Diets
1
 
Item CON DG LF LFRIF 
Composition
2 
    
DM, % as fed 58.8 ± 2.43 63.9 ± 1.91 63.7 ± 1.74 63.7 ± 1.85 
CP 18.5 ± 0.23 18.3 ± 0.12 18.8 ± 0.15 18.7 ± 0.55 
ADF 23.1 ± 0.90 21.0 ± 1.59 22.5 ± 0.80 23.5 ± 0.67 
NDF 36.3 ± 1.18 39.0 ± 2.63 39.6 ± 2.89 38.3 ± 0.91 
Lignin 4.54 ± 0.35 3.74 ± 0.25 3.87 ± 0.30 3.97 ± 0.35 
Sugar 4.24 ± 0.32 3.21 ± 0.28 3.33 ± 0.31 3.08 ± 0.29 
Starch 24.7 ± 0.94 18.6 ± 0.80 17.9 ± 0.49 16.6 ± 0.93 
Crude fat 3.90 ± 0.13 5.82 ± 0.15 4.19 ± 0.06 5.05 ± 0.43 
NFC 33.0 ± 1.37 29.1 ± 2.56 29.3 ± 2.98 29.8 ± 1.01 
Ash 8.23 ± 0.18 7.71 ± 0.24 8.07 ± 0.17 8.18 ± 0.15 
Ca 1.05 ± 0.04 0.89 ± 0.05 0.91 ± 0.06 1.07 ± 0.02 
P 0.36 ± 0.01 0.50 ± 0.01 0.52 ± 0.01 0.51 ± 0.02 
Mg 0.32 ± 0.02 0.38 ± 0.02 0.41 ± 0.04 0.40 ± 0.01 
K 1.79 ± 0.07 1.56 ± 0.07 1.63 ± 0.07 1.61 ± 0.01 
S 0.23 ± 0.01 0.40 ± 0.01 0.42 ± 0.01 0.41 ± 0.01 
Na 0.30 ± 0.05 0.31 ± 0.05 0.40 ± 0.04 0.41 ± 0.01 
Cl 0.49 ± 0.04 0.49 ± 0.01 0.52 ± 0.03 0.49 ± 0.02 
ME
3
, Mcal/kg 2.68 2.73 2.57 2.69 
Lys in MP
3
, g/d 193 155 153 149 
Met in MP
3
, g/d 55 58 52 51 
Particle size distribution
4
     
>19.0 mm 15.0 ± 6.32 8.55 ± 5.16 9.40 ± 5.20 9.00 ± 3.27 
8.0-19.0 mm 27.1 ± 2.52 19.3 ± 1.59 18.1 ± 2.03 17.7 ± 1.27 
1.18-8.0 mm 34.6 ± 2.99 26.2 ± 2.30 25.6 ± 3.05 26.7 ± 2.06 
<1.18 mm 23.3 ± 2.82 45.9 ± 4.20 46.9 ± 5.26 46.6 ± 2.60 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Values are expressed in % DM unless otherwise noted. 
3
Expected from initial formulation (CPM Dairy v3.0) 
4
Proportion (as fed) of TMR retained on each screen of the Penn State Particle Separator. 
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Table 6.7. Amino acids composition of diets 
 Diets
1
 
Item
 
CON
 
DG  LF LFRIF 
Essential AA, % of CP     
Arg 4.94 ± 0.17 4.02 ± 0.44 4.32 ± 0.32 4.10 ± 0.15 
His 2.26 ± 0.16 2.38 ± 0.35 2.32 ± 0.24 2.26 ± 0.17 
Ile 3.69 ± 0.12 3.69 ± 0.55 3.70 ± 0.16 3.58 ± 0.19 
Leu 7.53 ± 0.21 8.44 ± 0.47 9.08 ± 0.41 8.85 ± 0.38 
Lys 4.34 ± 0.11 3.58 ± 0.28 3.67 ± 0.29 3.49 ± 0.09 
Met 1.32 ± 0.07 1.67 ± 0.34 1.66 ± 0.16 1.55 ± 0.08 
Phe 4.29 ± 0.11 4.22 ± 0.13 4.34 ± 0.28 4.21 ± 0.16 
Thr 3.30 ± 0.11 3.40 ± 0.11 3.45 ± 0.21 3.33 ± 0.15 
Trp 0.80 ± 0.11 0.65 ± 0.10 0.69 ± 0.12 0.63 ± 0.07 
Val 4.73 ± 0.17 4.39 ± 0.42 4.69 ± 0.28 4.56 ± 0.13 
TEAA
2
, % of CP 37.2 ± 0.98 36.4 ± 0.93 37.9 ± 2.24 36.5 ± 1.18 
Nonessential AA
3
, % of CP     
Ala 5.81 ± 0.67 5.95 ± 0.83 6.50 ± 0.55 6.40 ± 0.57 
Asp 8.69 ± 0.27 6.82 ± 0.64 7.11 ± 0.39 6.79 ± 0.09 
Cys 1.22 ± 0.04 1.69 ± 0.54 1.61 ± 0.14 1.47 ± 0.08 
Glu 12.8 ± 0.47 12.0 ± 0.74 12.8 ± 0.67 12.4 ± 0.53 
Gly 4.24 ± 0.20 4.59 ± 0.71 4.32 ± 0.28 4.18 ± 0.19 
Hyl 1.20 ± 0.24 0.81 ± 0.35 0.97 ± 0.17 0.99 ± 0.18 
Hyp 0.56 ± 0.26 1.12 ± 1.14 0.68 ± 0.40 0.64 ± 0.36 
Orn 0.15 ± 0.05 0.35 ± 0.38 0.18 ± 0.04 0.17 ± 0.03 
Pro 5.21 ± 0.07 5.82 ± 0.58 6.62 ± 0.21 6.54 ± 0.14 
Ser 3.49 ± 0.27 4.23 ± 0.99 3.72 ± 0.13 3.57 ± 0.16 
Tau 0.27 ± 0.19 0.26 ± 0.19 0.24 ± 0.16 0.24 ± 0.18 
Tyr 2.79 ± 0.11 3.17 ± 0.32 3.19 ± 0.13 3.10 ± 0.14 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Hyl = hydroxylysine; Hyp = hydroxyproline. 
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Table 6.8. Effect of diets on intake, BW, BCS, milk production and composition 
 Diets
1 
  
Item CON DG LF LFRIF SEM P-value 
Intake 
    
  
DM, kg/d 22.7
b 
26.6
a 
26.8
a 
26.5
a 
1.14 0.03 
CP, kg/d 4.21
b 
4.87
a 
5.06
a 
4.90
a 
0.52 0.03 
RUP, kg/d 1.71
b 
2.08
a 
2.19
a 
2.16
a 
0.22 0.006 
ME, Mcal/d 57.0
b 
69.1
a 
66.7
a 
67.7
a 
7.14 0.01 
Milk yield, kg/d 29.7 34.3 30.8 32.2 3.00 0.26 
Protein, %  3.09
b 
3.22
a 
3.28
a 
3.16
ab 
0.08 0.01 
Protein yield, kg/d 0.91
b 
1.10
a 
1.01
ab 
1.01
ab 
0.09 0.08 
Fat, % 3.77
a 
3.14
b 
3.73
a
 3.72
a 
0.18 0.01 
Fat yield, kg/d 1.10 1.05 1.15 1.18 0.08 0.57 
Lactose, %  4.60 4.65 4.64 4.61 0.06 0.81 
SNF, % 8.58
b 
8.77
a 
8.81
a 
8.66
ab 
0.06 0.03 
MUN, mg/dL 14.6
b 
15.4
a 
15.9
a 
15.6
a 
1.03 0.07 
3.5% FCM
2
, kg/d 30.7 31.9 31.8 33.0 2.97 0.80 
FC
3
 1.33 1.28 1.16 1.21 0.11 0.29 
BW, kg 639
b 
665
a 
653
ab 
659
a 
8.78 0.01 
BW change, kg -8.78
b 
14.3
a 
18.8
a 
5.97
ab 
8.59 0.01 
BCS
4
 2.97 3.03 2.96 3.03 0.16 0.27 
BCS change 0.16 0.11 0.05 0.11 0.06 0.46 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
FCM = (milk fat, kg/d x 16.218) + (milk yield, kg/d x 0.4324). 
3
Feed conversion = milk yield/DMI. 
4
Cow BCS was determined on a 1 to 5 scale according to Wildman et al. (1982). 
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Table 6.9. Effects of diets on amino acids intake 
 Diets
1
   
Item
 
CON
 
DG  LF LFRIF SEM P-value 
Essential AA, g/d       
Arg 207.6 195.4 217.6 200.7 23.31 0.39 
His 95.40
b 
116.5
a 
117.7
a 
110.6
ab 
12.24 0.04 
Ile 154.9
e 
180.3
d 
185.6
d 
175.2
de 
18.91 0.10 
Leu 316.4
b 
410.5
a 
447.2
a 
433.4
a 
41.19 <0.001 
Lys 182.8 174.1 185.2 170.8 20.14 0.53 
Met 55.7
b 
81.7
a 
83.9
a 
75.7
a 
8.19 <0.001 
Phe 180.4
b 
205.3
a 
216.8
a 
205.9
a 
21.46 0.04 
Thr 138.6
b 
165.4
a 
172.1
a 
162.8
a 
17.1 0.01 
Trp 33.6 31.6 34.3 30.7 4.06 0.36 
Val 199.1
e 
213.3
de 
235.7
d 
223.4
d 
24.13 0.09 
TEAA
2
, g/d 1564.6
b 
1773.9
a 
1897.9
a 
1789.3
a 
187.18 0.03 
BCAA
3
, g/d 670.4
b 
804.0
a 
869.0
a 
832.1
a 
85.11 0.001 
Nonessential AA, g/d       
Ala 244.5
b
 288.7
a 
324.0
a 
312.5
a 
33.4 0.003 
Asp 365.2 331.7 358.0 332.6 38.80 0.31 
Cys 51.3
b 
83.0
a 
81.3
a 
72.1
a 
8.62 0.001 
Glu 537.7
e 
582.2
de 
640.3
d 
609.0
d 
63.47 0.06 
Gly 178.2
b 
224.1
a 
217.8
a 
204.6
ab 
22.69 0.02 
Pro 219.1
c 
282.9
b 
330.9
a 
320.4
a 
31.3 <0.001 
Ser 146.5
c 
206.9
a 
187.0
ab 
174.9
bc 
20.7 0.01 
Tau 11.3 12.6 11.5 11.7 4.41 0.68 
Tyr 117.4
b 
154.8
a 
159.9
a 
151.7
a 
15.56 <0.001 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Branched-chain AA (Ile, Leu, and Val). 
  
152 
 
 
 
Table 6.10. Effect of diets on plasma concentrations of amino acids from the coccygeal 
artery 
 Diets
1 
  
Item CON DG LF LFRIF SEM P-value 
Essential AA, µg/mL       
Arg 14.4 14.8 13.8 14.6 0.50 0.43 
His 9.99 10.3 9.79 9.68 0.35 0.22 
Ile 17.1
 
19.3 18.5 19.9 1.05 0.13 
Leu 27.9
b 
38.9
a 
38.5
a 
39.4
a 
3.00 <0.001 
Lys 11.8 11.9 11.1 12.0 0.62 0.74 
Met 2.96
b 
3.68
a 
3.68
a 
3.96
a 
0.23 <0.001 
Phe 9.61
b 
11.1
a 
10.8
a 
10.8
a 
0.57 0.03 
Thr 11.5 11.5 11.4 11.8 0.84 0.97 
Trp 8.98 9.58 9.25 8.91 1.11 0.69 
Val 40.0 45.1 41.0 42.1 2.86 0.19 
TEAA
2
, µg/mL 154.2
d 
176.1
c 
167.3
cd 
173.1
c 
9.79 0.08 
BCAA
3
, µg/mL 85.0
b 
103.3
a 
97.9
a 
101.4
a 
7.29 0.02 
Nonessential AA, µg/mL       
Ala 18.1
e 
19.8
cd 
18.9
de 
20.8
c 
2.22 0.07 
Asn 5.03 5.73 5.34 5.82 0.64 0.22 
Asp 0.95 0.90 0.92 0.90 0.33 0.98 
Cys 4.33
a 
4.03
ab 
4.30
a 
3.84
b 
0.17 0.05 
Gln 40.2 40.0 41.3 38.2 2.09 0.18 
Glu 5.79 5.37 5.26 5.32 0.87 0.52 
Gly 19.4 20.7 18.2 18.3 1.46 0.34 
Pro 9.30
b 
11.7
a 
12.7
a 
12.3
a 
1.52
 
0.001 
Ser 8.87 9.40 8.76 8.62 0.51 0.55 
Tau 5.24 5.53 5.12 5.39 0.33 0.76 
Tyr 8.67
b 
11.2
a 
10.4
ab 
10.6
a 
0.88 0.05 
TNEAA
4
, µg/mL 125.9 134.4 131.5 130.2 3.68 0.35 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Branched-chain AA (Ile, Leu, and Val). 
4
Total nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, Tau, and Tyr). 
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Table 6.11. Effect of diets on plasma concentrations of amino acids from the 
subcutaneous abdominal vein 
 Diets
1 
  
 CON DG LF LFRIF SEM P-Value 
Essential AA, µg/mL       
Arg 8.23 8.29 6.94 7.49 0.53 0.14 
His 8.16
a 
8.31
a 
7.87
ab 
7.14
b 
0.32 0.01 
Ile 11.6 13.2 12.4 13.1 1.45 0.17 
Leu 18.1
b 
28.1
a 
26.3
a 
27.5
a 
3.47 <0.001 
Lys 5.06 5.21 4.21 4.46 0.62 0.51 
Met 1.11
b 
1.70
a 
1.59
a 
1.78
a 
0.31 0.02 
Phe 6.05
b
 7.35
a 
6.77
ab 
6.70
ab 
0.63 0.01 
Thr 8.17 7.70 7.49 7.68 0.98 0.71 
Trp 7.78 8.28 7.86 7.48 1.08 0.61 
Val 32.8
 
37.3
 
33.9
 
33.9
b 
3.93 0.11 
TEAA
2
, µg/mL 107.1
b 
125.5
a 
115.1
ab 
117.2
ab 
12.0 0.05 
BCAA
3
, µg/mL 62.5 78.6 72.5 74.4 8.73 0.008 
Nonessential AA, µg/mL       
Ala 17.2 18.5 17.8 18.7 1.73 0.68 
Asn 4.08 4.25 3.89 4.09 0.51 0.72 
Asp 0.46
cd 
0.57
c 
0.19
e 
0.26
de 
0.13 0.08 
Cys 4.06
c 
3.65
de 
3.96
cd 
3.58
e 
0.20 0.08 
Gln 31.6 30.8 31.5 28.6 1.66 0.26 
Glu 1.69 1.90 1.33 1.75 0.33 0.31 
Gly 19.2 20.0 17.8 17.5 1.61 0.39 
Pro 7.77
b 
9.77
a 
10.7
a 
10.0
a 
1.52 <0.001 
Ser 6.52
c 
6.21
cd 
5.52
cd 
4.98
d 
0.58 0.10 
Tau 4.66 5.04 4.58 4.96 0.28 0.53 
Tyr 6.20
d 
7.89
c 
7.63
c 
7.87
c 
0.99 0.08 
TNEAA
4
, µg/mL 103.4 108.6 105.3 102.3 4.46 0.53 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Branched-chain AA (Ile, Leu, and Val). 
4
Total nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, Tau, and Tyr). 
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Table 6.12. Effect of diets on arteriovenous differences of amino acids 
 Diets
1 
  
 CON DG LF LFRIF SEM P-value 
Essential AA, µg/mL       
Arg 6.13 6.49 6.74 7.12 0.81 0.55 
His 1.82 1.97 1.97 2.54 0.27 0.20 
Ile 5.52 6.17 6.33 6.86 0.86 0.54 
Leu 9.83 10.8 11.9 11.9 1.33 0.53 
Lys 6.76 6.64 7.03 7.54 0.72 0.68 
Met 1.85 1.97 2.10 2.18 0.19 0.46 
Phe 3.56 3.73 4.03 4.11 0.33 0.51 
Thr 3.30 3.83 3.98 4.08 0.45 0.39 
Trp 1.21 1.30 1.42 1.43 0.46 0.98 
Val 7.15 7.72 7.23 8.20 1.12 0.82 
TEAA
2
, µg/mL 47.1 50.7 52.8 56.0 5.62 0.59 
BCAA
3
, µg/mL 22.5 24.7 25.5 27.0 3.16 0.67 
Nonessential AA
4
, µg/mL       
Ala 0.90 1.29 1.19 2.06 0.97 0.68 
Asn 0.95 1.47 1.42 1.73 0.36 0.15 
Asp 0.49 0.33 0.73 0.64 0.30 0.17 
Cys 0.26 0.39 0.37 0.26 0.09 0.59 
Gln 8.60 9.20 9.62 9.62 2.28 0.88 
Glu 4.10 3.47 3.77 3.57 0.65 0.58 
Gly 0.28 0.68 0.48 0.86 0.33 0.60 
Pro 1.53 1.97 1.98 2.28 0.36 0.44 
Ser 2.35
b 
3.19
a 
3.31
a 
3.64
a 
0.40 0.07 
Tau 0.58 0.49 0.55 0.43 0.17 0.94 
Tyr 2.46 3.32 2.54 2.74 0.81 0.59 
TNEAA
4
, µg/mL 22.5 25.8 26.0 27.8 3.32 0.65 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Branched-chain AA (Ile, Leu, and Val). 
4
Total nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, Tau, and Tyr). 
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Table 6.13. Effect of diets on mammary extraction efficiencies of essential amino acids 
 Diet
1 
  
 CON DG LF LFRIF SEM P-value 
Essential AA, µg/mL       
Arg 43.0  43.3  49.4  48.7    4.86 0.28 
His 18.5
b
 19.1
b 
19.8
b 
26.2
a 
2.21 0.10 
Ile 31.8  32.5 33.6 33.8 4.83 0.93 
Leu 35.1  27.6 30.6 30.1 4.76 0.19 
Lys 57.4  55.6    63.2  63.0  4.74 0.53 
Met 62.7  53.2  56.8  55.3   6.64 0.36 
Phe 37.2  34.0  37.0  37.9  3.63 0.58 
Thr 28.9  33.5  34.8  34.8  4.90 0.25 
Trp 13.2 11.4 14.5 18.0 5.08 0.80 
Val 17.9 17.6 17.2 19.4 3.51 0.82 
TEAA
2
, µg/mL 30.5 29.1 31.0 32.3 4.05 0.78 
BCAA
3
, µg/mL 26.3 24.5 25.5 26.4 4.26 0.90 
1
CON = control diet containing no distillers dried grains with solubles (DDGS); DG = 
diet containing 29% conventional DDGS; LF = diet containing 29% low-fat DDGS; 
LFRIF = diet containing 29% low-fat DDGS plus rumen inert fat. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Branched-chain AA (Ile, Leu, and Val). 
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Figure 6.1. Relationships between milk protein yield and (A) metabolizable energy 
intake, (B) crude protein intake, and (C) rumen undegradable protein intake. 
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CHAPTER VII 
Lactation responses and amino acid utilization of dairy cows to low-fat distillers 
dried grains with solubles and rumen protected lysine supplementation 
 
H. A. Paz and P. J. Kononoff 
Department of Animal Science, University of Nebraska-Lincoln, Lincoln, Nebraska, 
68583-0908 
 
ABSTRACT 
Eight multiparous Holstein cows were assigned to a replicated 4 × 4 Latin square 
with a 2 × 2 factorial arrangement of treatments to determine the effects of feeding 
increasing amounts of low-fat distillers dried grains with solubles (DDGS) in diets with 
or without the supplementation of a rumen protected Lys (RPL) on lactation responses 
and AA utilization. Dietary treatments were 1) 15% low-fat DDGS (15DG), 2) 15DG 
plus RPL (15DGRPL), 3) 30% low-fat DDGS (30DG), and 4) 30DG plus RPL 
(30DGRPL). Inclusion rate of low-fat DDGS had no effect on DMI (25.3 ± 1.07 kg/d), 
milk yield (26.9 ± 1.94kg/d), and milk fat concentration (3.72 ± 0.12%). Milk protein 
concentration decreased (P = 0.01) as inclusion rate of low-fat DDGS increased from 15 
to 30% of the diet DM, 3.49 vs. 3.40 ± 0.12%, respectively. Insufficient supply of 
metabolizable Lys limited milk protein synthesis in cows fed diets with 30% low-fat 
DDGS compared to those fed 15% low-fat DDGS as shown by a marked increased in the 
extraction efficiency of Lys, 60.7 and 49.4 ± 2.51%, respectively. A tendency of greater 
milk protein concentration with supplementation of RPL supported that Lys was limiting 
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milk protein in cows fed diet with 30% low-fat DDGS. If factors such as availability, 
quality, and price of DDGS favor their inclusion in dairy diet in high amounts, 
supplementation of RPL can be an effective method to complement the Lys supply of the 
diet and meet the Lys requirements of the animals. 
Key words: dairy cow, distillers dried grains with solubles, rumen protected lysine 
 
INTRODUCTION 
Two situations that hinder the use of distillers dried grains with solubles (DDGS) 
in dairy diets are their unbalanced profile of AA in comparison to milk, specifically low 
concentration of Lys, and the high fat content, specifically high concentration of linoleic 
acid. A decrease in milk protein concentration when cows are fed diets containing DDGS 
is commonly attributed to an insufficient supply of Lys (Carvalho et al., 2006; 
Kleinschmit et al., 2006) whereas a decrease in milk fat concentration is attributed to an 
increase production of biohydrogenation intermediates from linoleic acid (Leonardi et al., 
2005; Hippen et al., 2010). Recent emergence of DDGS with reduced fat content and 
improved protein quality offers a greater flexibility of inclusion of this coproduct in dairy 
rations. Ethanol production facilities have added a centrifugation step that partially 
recovers fat from the thin stillage producing low-fat DDGS which is characterized by 
containing around half the fat than conventional DDGS. 
Compared to the milk protein score of 0.32 for DDGS reported by Schingoethe 
(1996), current milk protein score is around 0.48 based on more recent AA composition 
of DDGS (Mjoun et al., 2010) and milk (NRC, 2001). The latter means that DDGS have 
increased from containing 32 to 48% as much Lys as in milk protein. Despite this 
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improvement in protein quality, as inclusion of low-fat DDGS increases in dairy diets it 
is more likely that Lys supply will be of more concern than the  risk of milk fat 
depression. In this scenario, supplementation of rumen protected Lys (RPL) could be the 
most effective method to better match the Lys requirement for milk production and 
increase N efficiency. Technologies that protect Lys from rumen degradation have 
emerged (Wu et al., 2012) and RPL products are becoming increasingly available 
(Blauwiekel et al., 1997; Paz et al., 2012). The objective of this study was to evaluate the 
effects of feeding increasing amounts of low-fat DDGS in diets with or without the 
supplementation of a RPL product on lactation responses and AA utilization.  
 
MATERIALS AND METHODS 
Animals, diets, and experimental design 
Eight multiparous Holstein cows averaging 188 ± 13 DIM were assigned to a 
replicated 4 × 4 Latin square with a 2 × 2 factorial arrangement of treatments. Cows were 
randomly assigned to squares and squares differed in treatment sequences that were 
balanced for carryover effects. Experimental periods lasted 21 d and consisted of 18 d for 
diet adaptation and 3 d for data and samples collection. Cows were housed in tie stalls 
with continuous access to water, fed a TMR once daily at 0830 h at approximately 110% 
of anticipated intake, and milked twice daily at 0700 and 1900 h. After each milking, 
cows were allowed to exercise in an outside lot for at least 1 h. Animal care and 
experimental procedures were conducted according to the guidelines of the University of 
Nebraska-Lincoln Animal Care and Use Committee.  
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Cows were offered 1 of the 4 following dietary treatments: 1) 15% low-fat DDGS 
(15DG), 2) 15DG plus RPL (15DGRPL), 3) 30% low-fat DDGS (30DG), and 4) 30DG 
plus RPL (30DGRPL). Two basal diets that contained low-fat DDGS at either 15 (15DG) 
or 30% (30DG) of the DM (Table 7.1) were formulated using the Cornell-Penn-Miner 
(CPM) Dairy model v3.0 (Boston et al., 2000) to be isonitrogenous (16.9% CP) and 
isocaloric (2.63 Mcal/kg). Based on CPM dairy predictions, lysine was predicted to 
supply 6.00% of the MP and meet 105% of the MP-Lys requirement in the 15DG diet 
and to supply 5.24% of the MP and meet 93% of the MP-Lys requirement in the 30DG 
diet. Supplementation of RPL (AminoShure
®
-L, L-Lysine 50%; Balchem Encapsulates, 
New Hampton, NY) to the 15DG and 30DG diets resulted in two additional treatments, 
15DGRPL and 30DGRPL, respectively. Rumen protected Lys was supplemented at 64 g 
via top dressing evenly over the TMR at 0830 and 2030 h for a total of 128 g of RPL 
daily. Supplementation was based on the times when cows returned to their respective 
stalls after milking and exercising. The total amount of RPL supplemented was expected 
to supply 41 g of MP-Lys. Smartamine M (Adisseo Inc., Antony, France) was added at a 
rate of 16 g/d per cow to ensure all diets provided sufficient amounts of MP-Met. Based 
on CPM dairy predictions and taking into account the expected MP-Lys supplied by the 
RPL product, the Lys-to-Met ratios were 2.56:1, 3.20:1, 2.34:1, and 3.0:1 for the 15DG, 
15DGRPL, 30DG, and 30DGRPL diets, respectively. As-fed diet composition was 
adjusted weekly to account for alfalfa and corn silages DM variations and individual 
intake of the TMR, refusals, and milk yield were recorded daily during the entire 
experiment. 
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Sampling period measurements 
From d 19 to 21 of each period, forages, low-fat DDGS, concentrates, and TMR 
were collected daily, refrigerated (4 °C), and composited at the end of each period. 
Composites of feeds and concentrates were divided into two subsamples. One subsample 
from each composite was dried for 48 h at 55°C in a forced air oven, subsequently 
ground with a Wiley Mill (1-mm screen, Arthur A. Thomas Co., Philadelphia, PA). 
Ground samples were send to the Experimental Station Chemical Laboratories, 
University of Missouri-Columbia (Columbia, MO) and analyzed for AA (method 982.30 
E; AOAC, 2006) using a Hitachi L-8800 amino acid analyzer (Hitachi Co., Tokyo, 
Japan). The remaining subsample from each composite was send to Cumberland Valley 
Analytical Services Inc. (Hagerstown, MD) and analyzed for DM (AOAC, 2000), N 
(Leco FP-528 Nitrogen Combustion Analyzer; Leco Corp., St. Joseph, MI 49085), ADF 
(method 973.18; AOAC, 2000), NDF (Van Soest et al., 1991), ether extract (2003.05; 
AOAC, 2006), ash (942.05; AOAC, 2000), NFC, Ca, P, Mg, K, Na, Fe, Mn, Zn, Cu and 
pH analysis (ensiled silages) (Mettler DL12 Titrator; Mettler-Toledo Inc., Columbus, 
OH). Chemical and AA composition of the diets were calculated based on the analysis of 
the forages and concentrates and their respective proportions in the diets. Composites of 
the TMR were used to evaluate particle size using the Penn State Particle Separator 
(PSPS) as outlined by Heinrichs and Kononoff (2002) and a sample was analyzed for DM 
(48 h 55°C oven) to determine DMI by the cows.  
Body weight was measured from d 19 to 21 and BCS was measured on d 21 of 
each period. Body condition score was measured by a single trained individuals using a 
method similar to that of Wildman et al. (1982) but reported to the quarter point. Milk 
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samples were collected during the a.m. and p.m. milkings from d 19 to 21 of each period 
and samples were preserved using 2-bromo-2nitropropane-1,3 diol. Milk samples were 
analyzed for true protein, fat, and lactose by infrared spectroscopy (B200 Infrared 
Analyzer; Bentley Instruments, Chaska, MN), MUN by a modified Berthelot reaction 
(ChemSpec 150 Analyzer; Bently Instruments, Chaska, MN) and SCC using a flow 
cytometer laser (Somacount 500; Bently Instruments, Chaska, MN) by Heart of America 
DHIA (Manhattan, KS). 
Plasma AA 
On d 20 and d 21, blood samples from each cow were collected at 1130 and 2330 
h via venipuncture of the coccygeal artery and subcutaneous abdominal vein into 10-mL 
evacuated tubes containing K2EDTA (Becton Dickinson and Co., Rutherford, NJ). 
Samples were immediately placed in an ice bath and centrifuged within 45 min at 3,300 × 
g for 20 min. An aliquot of 4 mL of plasma was deproteinized (4 vol of plasma were 
vortexed with 1 vol of 15% sulfosalicylic acid) and then centrifuged at 3,300 × g for 20 
min. The supernatant was collected and 0.30-mL aliquots were placed into Nunc 
CryoTube vials (Nalge Nunc International, Roskilde, Denmark) and stored at –20°C. For 
each cow during each period, deproteinized plasma samples obtained on d 21 from the 
coccygeal artery and subcutaneous abdominal vein were pooled with the respective 
sample obtained the previous d. Then samples were taken to the laboratory and stores at –
80°C until analyzed for plasma free AA (Fekkes, 1996) using a Hitachi L-8800 amino 
acid analyzer by the Experimental Station Chemical Laboratories, University of 
Missouri-Columbia (Columbia, MO). Plasma concentrations (µg/mL) of AA were 
adjusted to account for the use of 15% sulfosalicylic acid. The concentrations of each AA 
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in arterial and venous plasma were used to estimate extraction efficiency as: 
(ateriovenous (AV) difference / arterial concentration) × 100.  
Statistical analysis 
 Analyses of lactation responses and intake data were performed on period means 
of each cow. Data were analyzed using the MIXED procedure of SAS (SAS Institute, 
2008) based on the following model: 
Yijkl = µ + Si + pj + ck:i + DGl + RPLm + εijklm 
where Yijkl = dependent variable, µ = overall mean, Si = fixed effect of square (1 df), pj = 
random effect of period (3 df), ck:i = random effect of cow within square (6 df),  DGl = 
fixed effect of inclusion rate of low-fat DDGS (1 df), RPLm = fixed effect of rumen 
protected Lys supplementation (1 df), and εijkl = residual error (19 df). The interaction 
DG × RPL was removed from the model when P > 0.10. Significance was declared at P ≤ 
0.05 and trends at 0.05 < P ≤ 0.10. 
 Plasma concentrations of AA and extraction efficiencies were analyzed based on 
the following model: 
Yijkl = µ + Si + pj + ck:i + DGl + RPLm + Timen + εijklmn 
where Yijkl = dependent variable, µ = overall mean, Si = fixed effect of square (1 df), pj = 
random effect of period (3 df), ck:i = random effect of cow within square (6 df),  DGl = 
fixed effect of inclusion rate of low-fat DDGS (1 df), RPLm = fixed effect of rumen 
protected Lys supplementation (1 df), Time = fixed effect of time (1 df), and εijkl = 
residual error (50 df). Interaction terms were removed from the model when P > 0.10. 
Significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10. 
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RESULTS AND DISCUSSION 
Feeds and diets chemical compositions 
The chemical composition of feeds and concentrates is shown in Table 7.2. 
Chemical composition of the forages was within reported values (NRC, 2001). Low-fat 
DDGS used in this experiment contained around half the fat content (6.35%) compared to 
conventional DDGS (12%) (Kelzer et al., 2010). As expected, concentrates had a similar 
CP concentration (21.8%) but starch and NFC concentrations decreased while NDF 
concentration increased as inclusion of low-fat DDGS doubled. The AA composition of 
feeds and concentrates is shown is Table 7.3. Compared to conventional DDGS (NRC, 
2001), low-fat DDGS had similar total essential AA composition; however, for specific 
AA, Lys (33.5%) and Leu (13.7%) concentrations were greater. As expected, replacing 
all the soybean meal and a portion of corn with low-fat DDGS resulted in a lower Lys 
concentration in the 30DG concentrate compared to the 15DG concentrate. 
The chemical composition and particle size distribution of the basal treatments are 
shown in Table 7.4. As anticipated, diets were similar in CP (16.6%) and differences in 
NDF and NFC reflected concentrates composition because diets contained the same 
forage mixture. Low-fat DDGS were included at 30% of the DM in the 30DG diet 
without a substantial increase in the fat concentration of the diet compared to the 15DG 
diet, 3.84 and 3.48%, respectively. The proportion of particles retained in the >19-mm 
and 8-mm screens of the Penn State Particle Separator (PSPS) were similar across 
treatments whereas the proportion of particles retained in the 1.18-mm and bottom pan 
(<1.18-mm) differed. Particles retained in the 1.18-mm screen were greater in the 15DG 
diet and particles retained in the bottom pan were greater in the 30DG diet. Distillers 
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dried grains with solubles are characterized by having a mean particle size smaller than 
1.18-mm thus observed differences in particle size distribution were expected. Particle 
size distribution was lower for the 8-mm screen and greater for the bottom pan across 
treatments compared to recommendations (Heinrichs and Kononoff, 2002). 
The AA composition of the basal treatments is shown in Table 7.5. Differences in 
the AA composition of the concentrates were reflected in the AA composition of the 
treatments. Specifically, an increase in the inclusion of low-fat DDGS from 15 to 30% of 
the diet DM resulted in an increase in the concentration of Ala (13.4%), Cys (19.2%), 
Hyp (15.2%), Leu (14.2%), Met (11.7%), Orn (15.4%), and Pro (15.2%) and a decrease 
in the concentrations of Arg (11.1%), Asp (10.1%) and Lys (15.2%). Despite differences 
in the concentration of specific essential AA, the total essential AA concentration was 
similar across treatments and averaged 34.7% of CP. 
Animal responses  
Effects of treatments on intake, milk yield and composition, BW, and BCS are 
shown in Table 7.6. Neither inclusion rate of low-fat DDGS nor RPL supplementation 
affected DMI by the cows. Similar DMI intake between cows fed diets containing 15 or 
30% low-fat DDGS was expected because the proportions of forage and concentrate were 
identical across treatments thus promoting similar effects on rumen fill (Mertens, 1987). 
No effect of RPL supplementation on DMI is in agreement with others (Blauwiekel et al., 
1997; Robinson et al., 2011). Despite similar DMI between cows fed diets containing 15 
or 30% low-fat DDGS, intake of specific AA varied (Table 7.7). Overall, differences in 
the diet profile of AA were reflected in the intakes of AA. For essential AA, cows fed 
diets containing 30% low-fat DDGS had greater intakes of Leu (P < 0.01) and Met and 
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lower intakes of Arg (P < 0.01), Ile (P = 0.09), Lys (P < 0.01), and Trp (P < 0.01) 
compared to cows fed diets containing 15% low-fat DDGS. As designed, 
supplementation of RPL increased Lys intake (P< 0.01) and had no effect on the rest of 
AA.  
Milk yield was not affected by the inclusion rate of low-fat DDGS and averaged 
26.9 kg/d. Milk yield was low because cows started the study at a time in the lactation 
curve were milk yield starts to decrease. No response in milk yield to supplementation of 
RPL is consistent with data summarized in the dairy NRC (2001) which indicates that 
milk protein percentage is more responsive than milk yield to increases in the 
postruminal supplies of Lys and Met in post-peak lactation cows. Increasing the inclusion 
of low-fat DDGS decreased (P = 0.01) milk protein concentration but did not affect milk 
protein yield. Inclusion of DDGS at 30% of the diet DM has been reported (Janicek et al., 
2008; Mjoun et al., 2010) to compromise milk protein concentration and this response is 
attributed to a deficient supply of Lys (Mjoun et al., 2010). In the present study, 
supplementation of RPL tended (P = 0.09) to increase milk protein concentration which 
supported that high inclusion of DDGS limits milk protein responses via a reduced 
supply of Lys. As expected, milk fat concentration and yield were not affected by low-fat 
DDGS inclusion rate or RPL supplementation. The risk of milk fat depression diminishes 
when feeding low-fat DDGS because of a reduction in the load of polyunsaturated fatty 
acids that can result in biohydrogenation intermediates that are associated with milk fat 
depression (Hippen et al., 2010). Effect of inclusion rate of low-fat DDGS on feed 
conversion could be an artifact of the numerical differences observed for milk yield and 
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DMI. Across treatments, BW, BW change, BCS, and BCS change did not differ which 
suggest that diets adequately met the energy requirements. 
Plasma AA 
 Effects of treatments on plasma concentrations of amino acids from the coccygeal 
artery are shown in Table 7.8. A reduction in arterial concentration of Lys is commonly 
observed (Mjoun et al., 2010; Paz et al., 2012) as inclusion of DDGS increases in diets 
fed to dairy cows. In the present study, arterial concentration of Lys only had a numerical 
decrease as low-fat DDGS increased from 15 to 30% of the diet DM. For the remaining 
essential AA, arterial concentrations of Ile (P = 0.02), Leu (P < 0.01), Met (P = 0.02), Phe 
(P < 0.01), and Val (P < 0.01) increased and Trp (P = 0.02) decreased as inclusion of 
low-fat DDGS increased in the diets. It is important to note that high amounts of RPL 
were supplemented in this study to provide the opportunity to observe a response in milk 
protein if Lys actually limited milk protein as low-fat DDGS inclusion increased. Despite 
a tendency for greater milk protein concentration when supplementing RPL, no 
differences in arterial concentration of Lys were observed. For other essential AA, 
tendencies for higher arterial concentrations of Arg, His, Leu, and Thr were observed in 
cows fed diets supplemented with RPL compared to those fed the basal diets. Arterial 
concentrations of Lys and Thr were similar between both sampling times; however, 
arterial concentration of the remaining essential AA were higher at night compared to 
morning. 
 Effects of treatments on plasma concentrations of amino acids from the 
subcutaneous vein are shown in Table 7.9. Differences in venous concentrations of Leu, 
Phe, and Val reflected those observed in arterial concentration. Additionally, venous 
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concentrations of Arg, His, Lys, and Thr decreased in cows fed diets containing 30% 
low-fat DDGS compared to cows fed diets containing 15% low-fat DDGS. Venous 
concentration of His and Val increased and Lys and Thr tended to increase with 
supplementation of RPL. Effects of venous concentrations of AA due to time were 
similar to those observed from arterial concentration. Effects of treatments on 
arteriovenous differences of amino acids are shown in Table 7.10. Overall, increase in the 
inclusion of low-fat DDGS resulted in an increase (P < 0.01) in the arteriovenous 
difference of total essential AA. Based on arterial concentration, cows fed diets 
containing 30% low-fat DDGS had a greater availability of total essential AA than cows 
fed diets containing 15% low-fat DDGS which seems to have promoted the increase in 
arteriovenous differences.  
 Effects of treatments on extraction efficiencies of essential amino acids are shown 
in Table 7.11. Extraction efficiency of Lys greatly increased (P < 0.01) as inclusion of 
low-fat DDGS doubled in the diets. Extraction efficiency values of Lys better reflected 
the difference in Lys supply between the inclusion rates of low-fat DDGS than the 
arterial concentration of Lys in this study. Similar to this study, Mjoun et al. (2010) 
observed a decrease in milk protein concentration as DDGS increased up to 30% of the 
diet DM despite an increase in the extraction efficiency of Lys. For the remaining 
essential AA, extraction efficiencies increased but for Trp which was similar as inclusion 
of low-fat DDGS increased. Similar extraction efficiency of Lys between cows fed diets 
supplemented with RPL and basal diets supported an improvement in metabolizable Lys 
supply by RPL supplementation and milk protein concentration responses matched this 
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observation. Extraction efficiency of total essential AA was affected by time being 
greater in the morning (P = 0.04) compare to the night.  
 The advantage of the use of extraction efficiency over other methods such as 
transfer efficiency and uptake to output ratio to determine the AA that limit milk protein 
synthesis is the increase in accuracy as extraction efficiency does not involve estimates of 
mammary blood flow (Nichols et al., 1998). At both inclusion rates of low-fat DDGS, 
Lys, Arg, and Phe were the first 3 limiting AA and this was not affected by RPL 
supplementation or time. That Met was not among the first 3 limiting AA as commonly 
observed in diets containing high amounts of DDGS (Nichols et al., 1998; Mjoun et al., 
2010)was not surprising because all treatments were supplemented with rumen protected 
Met. 
 
CONCLUSIONS 
 Increasing the inclusion rate of low-fat DDGS from 15 to 30% of the diet DM 
negatively impacted milk protein concentration in dairy cows but had no effect on other 
lactation responses. Based on extraction efficiencies, Lys was the first limiting AA and a 
positive response of milk protein concentration to RPL supplementation supported this 
observation. If factors such as availability, quality, and price of DDGS favor their 
inclusion in dairy diet in high amounts, supplementation of RPL can be an effective 
method to complement the Lys supply of the diet and meet the Lys requirements of the 
animals.   
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Table 7.1. Ingredient composition of the basal treatments 
 Diets
1 
Ingredient, % DM 15DG 30DG 
Corn silage 29.7 29.7 
Brome hay 8.33 8.33 
Alfalfa hay 5.98 5.98 
Alfalfa silage 4.97 4.97 
Ground corn 25.0 17.8 
Low-fat distillers dried grains with solubles 15.0 30.0 
Soybean meal, 44% 7.83 0.00 
Smartamine M
2 
0.07 0.07 
Limestone 1.72 1.72 
Sodium bicarbonate  0.48 0.48 
Salt 0.48 0.48 
Magnesium oxide
 
0.25 0.25 
Vitamin premix
3 
0.11 0.11 
Trace minerals
4 
0.11 0.11 
1
15DG = diet containing 15% low-fat distillers dried grains with solubles (DDGS); 30DG 
= diet containing 30% low-fat DDGS. 
2
Adisseo Inc., Alpharetta, GA. It was assumed that Smartamine M contains no less than 
75% Met and that it has a bioavailability of 80%. 
3
Contained 13.9% Ca, 0.03 % P, 0.42 % Mg, 0.20% K, 4.20% S, 0.08% Na, 0.03% Cl, 
445 ppm Fe, 60021 ppm Zn, 17, 375 ppm Cu, 43, 470 ppm Mn, 287 ppm Se, 527 ppm 
Co, and 870 ppm I. 
4
Provided approximately 5770 KIU/kg vitamin A, 1460 KIU/kg of vitamin D, and 46400 
KIU/kg of vitamin E. 
 
 
 
 
 
1
7
3
 
Table 7.2. Chemical composition of feeds and concentrates
1
 
 Feeds
2 
 Concentrates
2 
Item
3 
Alfalfa hay Alfalfa silage Brome hay Corn silage Low-fat DDGS  15DG
 
30DG
 
DM, % as fed 87.2 ± 2.96 56.2 ± 4.01 88.9 ± 2.10 33.6 ± 0.79 90.7 ± 0.14  87.8 ± 0.36 88.5 ± 0.30 
CP 18.1 ± 1.06 22.6 ± 0.22 10.7 ± 0.45 8.33 ± 0.32 32.2 ± 0.42  21.8 ± 0.59 21.8 ± 0.76 
ADF 40.2 ± 0.71 35.6 ± 1.84 42.4 ± 1.00 26.5 ± 1.69 10.1 ± 0.35  4.65 ± 0.66 6.58 ± 1.69 
NDF 47.9 ± 1.24 41.8 ± 1.80 67.6 ± 1.92 39.1 ± 2.25 31.4 ± 1.41  15.6 ± 1.23 20.7 ± 4.66 
Lignin 9.29 ± 0.72 8.77 ± 0.99 6.02 ± 0.50 3.97 ± 0.51 2.92 ± 0.13  2.48 ± 0.25 2.99 ± 0.55 
Sugar 5.33 ± 0.46 2.65 ± 0.53 5.08 ± 0.62 0.80 ± 0.35 3.95 ± 0.35  4.45 ± 0.57 3.45 ± 0.73 
Starch 2.18 ± 0.49 0.68 ± 0.43 1.53 ± 0.25 34.3 ± 2.44 7.70 ± 0.14  40.5 ± 4.24 34.6 ± 7.26 
Crude fat 1.75 ± 0.29 2.61 ± 0.20 2.48 ± 0.28 3.41 ± 0.30 6.35 ± 0.21  3.89 ± 0.37 4.68 ± 0.64 
NFC
4 
21.3 ± 0.76 19.4 ± 2.27 9.40 ± 2.53 43.3 ± 2.52 24.7 ± 1.98  50.1 ± 1.75 44.9 ± 5.72 
Ash 11.0 ± 0.83 13.5 ± 0.72 9.83 ± 0.26 5.81 ± 0.43 5.40 ± <0.01  8.60 ± 0.29 7.95 ± 1.33 
Ca 0.99 ± 0.05 1.39 ± 0.11 0.37 ± 0.06 0.24 ± 0.02 0.05 ± 0.01  1.56 ± 0.20 1.50 ± 0.10 
P 0.27 ± 0.01 0.38 ± 0.02 0.32 ± 0.02 0.29 ± 0.05 0.94 ± 0.01  0.60 ± 0.02 0.71 ± 0.09 
Mg 0.17 ± 0.01 0.31 ± 0.03 0.12 ± 0.01 0.15 ± 0.01 0.39 ± <0.01  0.46 ± 0.02 0.55 ± 0.07 
K 3.82 ± 0.26 3.98 ± 0.48 2.47 ± 0.11 1.28 ± 0.09 1.31 ± 0.01  1.04 ± 0.04 0.97 ± 0.02 
S 0.25 ± 0.07 0.30 ± 0.01 0.16 ± 0.01 0.21 ± 0.12 1.01 ± 0.01  0.46 ± 0.08 0.59 ± 0.12 
Na 0.03 ± <0.01 0.02 ± <0.01 0.01 ± <0.01 0.01 ± 0.01 0.24 ± 0.01  0.74 ± 0.10 0.73 ± 0.08 
Cl 0.58 ± 0.01 0.34 ± 0.01 0.60 ± 0.13 0.20 ± 0.08 0.19 ± <0.01  0.73 ± 0.15 0.66 ± 0.06 
Fe (PPM) 162 ± 39.2 535 ± 140 206 ± 49.3 124 ± 26.5 89.0 ± 1.41  157 ± 26.9 162 ± 28.0 
Mn (PPM) 25.0 ± 2.16 52.5 ± 4.20 36.5 ± 3.79 26.5 ± 3.32 20.0 ± 1.41  120 ± 18.1 125 ± 19.9 
Zn (PPM) 22.5 ± 1.73 26.5 ± 2.38 25.8 ± 7.04 32.0 ± 3.74 78.0 ± <0.01  182 ± 13.0 164 ± 16.6 
Cu (PPM) 9.50 ± 1.00 8.00 ± <0.01 7.00 ± 0.82 6.50 ± 1.29 1.50 ± 0.71  48.5 ± 2.36 53.3 ± 9.74 
pH  5.60 ± 1.51  3.95 ± 0.17     
1
Values expressed as mean ± standard deviation (n = 4). 
2
DDGS = distillers dried grains with solubles; 15DG = diet containing 15% low-fat DDGS; 30DG = diet containing 30% low-fat 
DDGS. 
3
Values are expressed in % DM unless otherwise noted. 
4
NFC = Nonfiber carbohydrate calculated by difference 100 – (% NDF + % CP + % fat + % ash).   
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Table 7.3. Amino acid composition of feeds and concentrates
1
 
 Feeds
2 
 Concentrates
2 
Item Alfalfa hay Alfalfa silage Brome hay Corn silage Low-fat DDGS  15DG
 
30DG
 
Essential AA, % of CP         
Arg 3.04 ± 0.28 2.30 ± 0.33 3.27 ± 0.60 1.23 ± 0.14 4.27 ± 0.14  4.95 ± 0.49 4.14 ± 0.19 
His 1.34 ± 0.13 1.28 ± 0.22 1.15 ± 0.18 0.84 ± 0.08 2.51 ± 0.06  2.35 ± 0.16 2.46 ± 0.10 
Ile 3.15 ± 0.28 3.55 ± 0.44 2.66 ± 0.51 3.07 ± 0.14 3.75 ± 0.07  3.60 ± 0.32 3.50 ± 0.21 
Leu 5.13 ± 0.46 5.54 ± 0.72 5.22 ± 0.91 7.61 ± 0.38 10.9 ± 0.21  8.84 ± 0.56 10.4 ± 0.59 
Lys 3.51 ± 0.31 3.41 ± 0.50 3.03 ± 0.46 1.41 ± 0.11 2.99 ± 0.08  3.82 ± 0.35 2.93 ± 0.21 
Met 0.91 ± 0.06 1.13 ± 0.12 1.15 ± 0.22 1.44 ± 0.06 1.74 ± 0.02  1.88 ± 0.22 2.11 ± 0.34 
Phe 3.40 ± 0.34 3.58 ± 0.56 3.29 ± 0.62 2.86 ± 0.14 4.60 ± 0.13  4.29 ± 0.32 4.39 ± 0.25 
Thr 3.08 ± 0.26 3.14 ± 0.35 2.87 ± 0.51 2.86 ± 0.14 3.33 ± 0.09  3.17 ± 0.20 3.28 ± 0.15 
Trp 0.89 ± 0.18 0.58 ± 0.11 0.54 ± 0.05 0.48 ± 0.02 0.81 ± 0.01  0.96 ± 0.13 0.83 ± 0.05 
Val 4.52 ± 0.50 4.70 ± 0.55 3.72 ± 0.62 4.51 ± 0.19 5.06 ± 0.09  4.68 ± 0.37 4.88 ± 0.23 
TEAA
3
, % of CP 29.0 ± 2.49 29.2 ± 3.30 26.9 ± 4.59 26.3 ± 1.27 40.0 ± 0.86  38.5 ± 2.86 39.0 ± 1.93 
Nonessential AA
4
, % of CP         
Ala 3.87 ± 0.35 4.56 ± 0.40 4.28 ± 0.73 9.95 ± 0.49 6.57 ± 0.13  5.29 ± 0.31 6.41 ± 0.36 
Asp 10.7 ± 1.13 9.45 ± 1.11 5.83 ± 1.01 3.27 ± 0.32 5.93 ± 0.01  7.34 ± 0.78 6.00 ± 0.29 
Cys 0.87 ± 0.09 0.74 ± 0.08 0.73 ± 0.13 0.78 ± 0.08 1.92 ± 0.05  1.52 ± 0.12 1.84 ± 0.08 
Glu 6.79 ± 0.64 7.08 ± 0.57 6.75 ± 1.00 8.49 ± 0.66 13.4 ± 0.22  14.3 ± 1.08 14.1 ± 0.81 
Gly 3.56 ± 0.33 3.69 ± 0.38 3.51 ± 0.65 3.67 ± 0.16 3.68 ± 0.09  3.61 ± 0.28 3.64 ± 0.17 
Hyl 0.98 ± 0.09 1.65 ± 0.18 0.75 ± 0.14 4.64 ± 0.65 0.34 ± <0.01  0.18 ± 0.01 0.25 ± 0.02 
Hyp 1.19 ± 0.19 0.73 ± 0.03 0.30 ± 0.03 0.36 ± 0.01 0.30 ± 0.03  0.18 ± 0.03 0.28 ± 0.06 
Orn 0.06 ± <0.01 0.56 ± 0.14 0.02 ± 0.05 0.15 ± 0.06 0.16 ± <0.01  0.09 ± <0.01 0.13 ± 0.02 
Pro 7.14 ± 0.78 4.87 ± 0.64 3.53 ± 0.58 6.08 ± 0.46 7.60 ± 0.10  6.23 ± 0.36 7.54 ± 0.40 
Ser 3.06 ± 0.26 2.80 ± 0.31 2.38 ± 0.44 1.56 ± 0.21 3.65 ± 0.18  3.51 ± 0.16 3.66 ± 0.20 
Tau 0.17 ± 0.01  0.21 ± 0.04 0.28 ± 0.01 0.36 ± 0.01 0.08 ± 0.02    0.05 ± 0.09 
Tyr 2.29 ± 0.20 1.98 ± 0.25 1.62 ± 0.36 1.32 ± 0.15 3.44 ± 0.16  3.13 ± 0.22 3.25 ± 0.17 
1
Values expressed as mean ± standard deviation (n = 4). 
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2
DDGS = distillers dried grains with solubles; 15DG = diet containing 15% low-fat DDGS; 30DG = diet containing 30% low-fat 
DDGS. 
3
TEAA = total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
4
 Hyl = hydroxylysine; Hyp = hydroxyproline. 
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Table 7.4. Chemical composition and particle size distribution of the basal treatments 
 Diets
1
 
Item 15DG 30DG 
Composition
2 
  
DM, % as fed 58.2 ± 0.99 58.4 ± 1.02 
CP 16.6 ± 0.30 16.7 ± 0.37 
ADF 17.8 ± 0.55 18.9 ± 1.28 
NDF 29.9 ± 1.16 32.8 ± 3.13 
Lignin 3.94 ± 0.25 4.20 ± 0.33 
Sugar 3.53 ± 0.37 2.87 ± 0.44 
Starch 30.8 ± 2.26 28.1 ± 3.66 
Crude fat 3.48 ± 0.16 3.84 ± 0.41 
NFC 41.7 ± 1.60 38.7 ± 3.66 
Ash 8.28 ± 0.19 7.93 ± 0.55 
Ca 1.06 ± 0.13 1.00 ± 0.05 
P 0.45 ± 0.02 0.51 ± 0.04 
Mg 0.31 ± 0.01 0.36 ± 0.03 
K 1.55 ± 0.02 1.51 ± 0.04 
S 0.36 ± 0.07 0.41 ± 0.08 
Na 0.39 ± 0.06 0.38 ± 0.04 
Cl 0.54 ± 0.08 0.50 ± 0.03 
Particle size distribution
4
   
>19.0 mm 5.89 ± 1.53 6.83 ± 1.44 
8.0-19.0 mm 25.1 ± 2.80 25.6 ± 2.79 
1.18-8.0 mm 32.4 ± 3.54 26.6 ± 2.64 
<1.18 mm 36.6 ± 5.17 41.0 ± 4.63 
1
15DG = diet containing 15% low-fat distillers dried grains with solubles (DDGS); 30DG 
= diet containing 30% low-fat DDGS. 
2
Values are expressed in % DM unless otherwise noted. 
3
Expected from initial formulation (CPM Dairy v3.0). 
4
Proportion (as fed) of TMR retained on each screen of the Penn State Particle Separator. 
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Table 7.5. Amino acids composition of the basal treatments 
 Diets
1
 
Item
 
15DG 30DG 
Essential AA, % of CP   
Arg 3.89 ± 0.37 3.46 ± 0.11 
His 1.90 ± 0.12 2.00 ± 0.07 
Ile 3.38 ± 0.23 3.37 ± 0.13 
Leu 7.93 ± 0.37 9.06 ± 0.37 
Lys 3.28 ± 0.24 2.78 ± 0.15 
Met 1.62 ± 0.18 1.81 ± 0.22 
Phe 3.85 ± 0.24 3.98 ± 0.13 
Thr 3.05 ± 0.16 3.17 ± 0.10 
Trp 0.82 ± 0.11 0.75 ± 0.03 
Val 4.54 ± 0.24 4.73 ± 0.15 
TEAA
2
, % of CP 34.3 ± 2.08 35.1 ± 1.15 
Nonessential AA
3
, % of CP   
Ala 5.76 ± 0.18 6.53 ± 0.22 
Asp 6.82 ± 0.61 6.13 ± 0.22 
Cys 1.25 ± 0.08 1.49 ± 0.05 
Glu 11.8 ± 0.85 11.9 ± 0.55 
Gly 3.56 ± 0.21 3.64 ± 0.10 
Hyl 1.02 ± 0.07 1.07 ± 0.08 
Hyp 0.33 ± 0.03 0.38 ± 0.03 
Orn 0.13 ± 0.02 0.15 ± 0.01 
Pro 5.99 ± 0.20 6.90 ± 0.28 
Ser 3.03 ± 0.13 3.18 ± 0.14 
Tau 0.09 ± <0.01 0.12 ± 0.06 
Tyr 2.61 ± 0.17 2.73 ± 0.09 
1
15DG = diet containing 15% low-fat distillers dried grains with solubles (DDGS); 30DG 
= diet containing 30% low-fat DDGS. 
2
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
3
Hyl = hydroxylysine; Hyp = hydroxyproline. 
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Table 7.6. Effect of treatments on intake, milk yield and composition, BW, and BCS 
 DG
1  
RPL
2 
 P-values
3 
Item 15 30  Without With SEM DG RPL 
DMI, kg/d 25.8
 
24.7
 
 25.4
 
25.1
 
0.97 0.11 0.59 
Milk yield, kg/d 26.3 27.4  27.1 26.6 1.94 0.23 0.64 
Protein, %  3.49 3.40  3.41 3.48 0.12 0.01 0.09 
Protein yield, 
kg/d 0.91 0.93 
 
0.92 0.92 0.06 0.55 
0.92 
Fat, % 3.70 3.73  3.70 3.73 0.24 0.52 0.62 
Fat yield, kg/d 0.97 1.02  1.00 0.99 0.08 0.17 0.69 
Lactose, %  4.58 4.60  4.60 4.59 0.08 0.44 0.70 
SNF, % 8.94 8.87  8.88 8.93 0.20 0.19 0.35 
MUN, mg/dL 13.3 13.2  13.3 13.3 1.43 0.74 0.78 
3.5% FCM
4
, kg/d 27.1 28.4  28.0 27.6 2.04 0.18 0.67 
FC
5
 1.01 1.12  1.07 1.06 0.05 0.02 0.68 
BW, kg 748 748  750 746 54.8 0.89 0.31 
BW change, kg 16.2 12.8  14.8 14.2 4.68 0.59 0.92 
BCS
6
 3.11 3.09  3.11 3.09 0.05 0.68 0.68 
BCS change 0.08 0.05  0.08 0.05 0.04 0.52 0.52 
1
Inclusion rate of low-fat distillers dried grains with solubles at either 15 or 30% of the 
diet DM. 
2
Rumen protected Lys. 
3
Interactions DG × RPL (P ≥ 0.30) were removed from the model. 
4
FCM = (milk fat, kg/d x 16.218) + (milk yield, kg/d x 0.4324). 
5
Feed conversion = milk yield/DMI. 
6
Cow BCS was determined on a 1 to 5 scale according to Wildman et al. (1982). 
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Table 7.7. Effects of treatments on amino acids intake 
 DG
1  
RPL
2 
 P-values
3 
Item 15 30  Without With SEM DG RPL 
Essential AA, g/d         
Arg 167.3 142.6  155.8 154.1 7.79 <0.01 0.70 
His 81.7 82.2  82.6 81.4 3.54 0.79 0.55 
Ile 145.3 138.9  143.1 141.1 6.17 0.09 0.60 
Leu 340.4 373.0  359.5 353.8 14.0 <0.01 0.52 
Lys 172.9 146.4  128.4 190.9 5.00 <0.01 <0.01 
Met 69.5 74.7  72.5 71.8 5.38 0.03 0.76 
Phe 165.6 164.0  165.9 163.7 7.10 0.70 0.60 
Thr 131.1 130.5  131.7 129.9 5.91 0.85 0.56 
Trp 35.3 30.8  33.2 32.9 2.17 <0.01 0.76 
Val 195.2 194.7  196.4 193.5 8.04 0.91 0.56 
TEAA
4
, g/d 1504 1477  1469 1513 63.5 0.47 0.24 
BCAA
5
, g/d 680.9 706.5  698.9 688.5 28.1 0.15 0.54 
Nonessential AA, 
g/d   
 
    
 
Ala 246.9 268.8  260.0 255.8 8.95 <0.01 0.51 
Asp 293.7 252.2  274.4 271.5 15.3 <0.01 0.69 
Cys 53.7 61.2  57.9 57.0 2.82 <0.01 0.49 
Glu 508.7 490.5  502.9 496.4 24.1 0.17 0.62 
Gly 153.2 149.7  152.5 150.4 6.57 0.35 0.57 
Hyl 43.7 44.0  44.2 43.5 1.24 0.83 0.51 
Hyp 13.9 15.7  14.9 14.7 0.46 <0.01 0.68 
Orn 5.48 6.16  5.85 5.79 0.46 <0.01 0.67 
Pro 256.7 283.9  272.7 267.9 9.26 <0.01 0.47 
Ser 130.2 130.9  131.5 129.6 6.11 0.81 0.56 
Tau 4.00 5.05  4.65 4.41 0.62 0.02 0.56 
Tyr 112.3 112.4  113.2 111.5 4.99 0.98 0.56 
1
Inclusion rate of low-fat distillers dried grains with solubles at either 15 or 30% of the 
diet DM. 
2
Rumen protected Lys. 
3
Interactions DG × RPL (P ≥ 0.38) were removed from the model. 
4
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
5
Branched-chain AA (Ile, Leu, and Val). 
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Table 7.8. Effects of treatments on plasma concentrations of amino acids from the coccygeal artery 
 DG
1  
RPL
2 
 Time
3 
 P-values
4 
Item 15 30  Without With  1 2 SEM DG RPL Time 
Essential AA, µg/mL             
Arg 13.9 13.5  13.4 14.0  13.2 14.2 1.04 0.20 0.10 0.01 
His 9.86 9.97  9.66 10.2  9.62 10.2 0.33 0.54 0.01 <0.01 
Ile 16.6 17.7  16.8 17.5  16.3 18.0 0.92 0.02 0.11 <0.01 
Leu 29.8 37.3  32.7 34.4  30.3 36.8 2.45 <0.01 0.09 <0.01 
Lys 12.5 12.0  12.0 12.5  12.0 12.5 0.60 0.19 0.17 0.20 
Met 5.31 5.63  5.38 5.56  5.04 5.90 0.14 0.02 0.20 <0.01 
Phe 9.72 10.9  10.2 10.5  9.70 11.0 0.45 <0.01 0.22 <0.01 
Thr 10.4 10.5  10.2 10.7  10.2 10.7 0.39 0.62 0.07 0.11 
Trp 14.4 13.4  13.9 13.9  12.8 15.0 2.72 0.02 0.97 <0.01 
Val 35.0 37.6  35.4 37.2  34.3 38.3 2.50 <0.01 0.03 <0.01 
TEAA
5
, µg/mL 157.5 168.5  159.6 166.4  153.4 172.6 6.90 <0.01 0.06 <0.01 
BCAA
6
, µg/mL 81.4 92.6  84.9 89.0  80.8 93.1 5.76 <0.01 0.06 <0.01 
Nonessential AA, µg/mL              
Ala 18.5 19.3  18.7 19.1  17.9 19.9 1.68 0.07 0.41 <0.01 
Asn 6.14 6.37  6.09 6.42  6.04 6.46 0.89 0.24 0.09 0.03 
Asp 0.42 0.53  0.48 0.47  0.49 0.46 0.14 0.23 0.93 0.66 
Cys 4.68 4.22  4.39 4.51  4.48 4.41 0.16 <0.01 0.22 0.48 
Gln 37.8 38.1  37.3 38.7  38.9 37.1 2.01 0.76 0.11 0.05 
Glu 7.23 7.17  7.34 7.06  6.67 7.73 0.58 0.88 0.42 <0.01 
Gly 17.0 16.3  16.8 16.4  16.4 16.9 1.23 0.17 0.39 0.32 
Pro 10.9 12.5  11.4 12.0  10.9 12.5 0.53 <0.01 0.07 <0.01 
Ser 7.66 7.56  7.53 7.69  7.40 7.82 0.45 0.64 0.41 0.04 
Tau 7.30 6.77  7.14 6.93  6.63 7.44 1.20 0.18 0.59 0.05 
Tyr 12.3 13.8  12.9 13.1  11.8 14.3 0.48 <0.01 0.53 <0.01 
1
Inclusion rate of low-fat distillers dried grains with solubles at either 15 or 30% of the diet DM. 
2
Rumen protected Lys. 
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3
Sampling times: 1 = 1130 h and 2 = 2330 h. 
4
Interactions DG × RPL (P ≥ 0.17), DG × Time (P ≥ 0.27), and RPL × Time (P ≥ 0.13) were removed from the model. 
5
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
6
Branched-chain AA (Ile, Leu, and Val). 
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Table 7.9. Effects of treatments on plasma concentrations of amino acids from the subcutaneous abdominal vein 
  DG
1  
RPL
2 
 Time
3 
 P-values
4 
Item 15 30  Without With  1 2 SEM DG RPL Time 
Essential AA, µg/mL             
Arg 7.80 6.31  6.81 7.30  6.53 7.58 0.62 <0.01 0.15 <0.01 
His 8.01 7.70  7.59 8.13  7.54 8.18 0.44 0.08 <0.01 <0.01 
Ile 11.3 10.9  10.8 11.4  10.3 11.8 1.02 0.28 0.11 <0.01 
Leu 20.8 25.2  22.3 23.7  20.1 25.9 2.77 <0.01 0.11 <0.01 
Lys 6.27 4.61  5.16 5.72  5.15 5.73 0.23 <0.01 0.09 0.08 
Met 3.57 3.48  3.45 3.59  3.05 3.99 0.21 0.42 0.23 <0.01 
Phe 6.20 6.64  6.38 6.46  5.80 7.03 0.55 0.03 0.68 <0.01 
Thr 7.33 6.59  6.74 7.18  6.56 7.36 0.52 <0.01 0.09 <0.01 
Trp 12.0 11.6  11.7 11.8  10.7 12.8 2.35 0.18 0.77 <0.01 
Val 29.1 29.9  28.6 30.4  27.6 31.5 2.62 0.27 0.02 <0.01 
TEAA
5
, µg/mL 112.4 112.9  109.5 115.7  103.4 121.9 8.54 0.88 0.05 <0.01 
BCAA
6
, µg/mL 61.2 66.0  61.7 65.5  58.0 69.2 6.35 0.02 0.05 <0.01 
Nonessential AA, µg/mL             
Ala 16.5 16.6  16.4 16.8  15.6 17.5 1.23 0.75 0.26 <0.01 
Asn 4.91 4.60  4.62 4.88  4.62 4.88 0.70 0.07 0.13 0.11 
Asp 0.38 0.37  0.39 0.36  0.40 0.35 0.13 0.71 0.51 0.24 
Cys 4.47 3.88  4.11 4.24  4.19 4.16 0.12 <0.01 0.11 0.69 
Gln 31.0 30.3  30.2 31.1  30.7 30.6 1.32 0.43 0.40 0.87 
Glu 2.19 1.98  2.01 2.15  2.00 2.16 0.21 0.05 0.20 0.16 
Gly 16.3 15.4  16.0 15.8  15.8 16.0 0.94 0.04 0.59 0.65 
Pro 9.56 10.2  9.58 10.2  9.08 10.7 0.50 0.03 0.05 <0.01 
Ser 5.11 4.35  4.72 4.73  4.53 4.93 0.38 <0.01 0.94 0.01 
Tau 6.54 6.05  6.25 6.34  6.24 6.35 1.02 0.05 0.71 0.64 
Tyr 8.96 9.55  9.21 9.30  7.97 10.5 0.38 0.09 0.79 <0.01 
1
Inclusion rate of low-fat distillers dried grains with solubles at either 15 or 30% of the diet DM. 
2
Rumen protected Lys. 
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3
Sampling times: 1 = 1130 h and 2 = 2330 h. 
4
Interactions DG × RPL (P ≥ 0.17), DG × Time (P ≥ 0.12), and RPL × Time (P ≥ 0.19) were removed from the model. 
5
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
6
Branched-chain AA (Ile, Leu, and Val). 
  
 
 
 
 
1
8
4 
Table 7.10. Effects of treatments on arteriovenous differences of amino acids 
 DG
1  
RPL
2 
 Time
3 
 P-values
4 
Item 15 30  Without With  1 2 SEM Level RPL Time 
Essential AA, µg/mL             
Arg 6.11 7.18  6.61 6.67  6.69 6.60 0.49 <0.01 0.84 0.77 
His 1.84 2.27  2.07 2.04  2.07 2.03 0.13 <0.01 0.76 0.70 
Ile 5.29 6.79  6.02 6.06  5.93 6.15 0.48 <0.01 0.91 0.57 
Leu 8.98 12.1  10.4 10.7  10.2 10.9 0.55 <0.01 0.62 0.21 
Lys 6.23 7.37  6.82 6.78  6.84 6.76 0.53 <0.01 0.92 0.80 
Met 1.74 2.15  1.93 1.96  1.99 1.91 0.13 <0.01 0.79 0.51 
Phe 3.52 4.30  3.83 4.00  3.90 3.93 0.18 <0.01 0.42 0.90 
Thr 3.06 3.96  3.45 3.57  3.66 3.35 0.24 <0.01 0.61 0.20 
Trp 2.42 1.81  2.15 2.07  2.05 2.17 0.64 0.20 0.87 0.80 
Val 5.93 7.65  6.82 6.76  6.73 6.85 0.51 <0.01 0.90 0.80 
TEAA
5
, µg/mL 45.1 55.6  50.1 50.6  50.1 50.7 3.27 <0.01 0.86 0.83 
BCAA
6
, µg/mL 20.2 26.6  23.2 23.5  22.8 23.9 1.53 <0.01 0.84 0.45 
Nonessential AA, µg/mL             
Ala 2.01 2.62  2.35 2.27  2.26 2.36 0.48 0.05 0.77 0.75 
Asn 1.23 1.77  1.46 1.54  1.42 1.58 0.23 0.01 0.67 0.38 
Asp 0.04 0.16  0.09 0.11  0.10 0.11 0.07 0.22 0.84 0.93 
Cys 0.20 0.34  0.27 0.27  0.29 0.25 0.07 0.08 0.97 0.58 
Gln 6.80 7.85  7.04 7.61  8.12 6.53 0.80 0.20 0.48 0.05 
Glu 5.04 5.20  5.33 4.91  4.66 5.57 0.500 0.64 0.22 0.01 
Gly 0.64 0.88  0.84 0.68  0.63 0.89 0.30 0.30 0.49 0.27 
Pro 1.32 2.30  1.82 1.81  1.77 1.85 0.12 <0.01 0.96 0.72 
Ser 2.55 3.22  2.81 2.96  2.87 2.89 0.16 <0.01 0.31 0.93 
Tau 0.76 0.72  0.89 0.59  0.39 1.09 0.21 0.90 0.40 0.06 
Tyr 3.31 4.22  3.70 3.84  3.79 3.74 0.28 <0.01 0.63 0.85 
1
Inclusion rate of low-fat distillers dried grains with solubles at either 15 or 30% of the diet DM. 
2
Rumen protected Lys. 
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3
Sampling times: 1 = 1130 h and 2 = 2330 h. 
4
Interactions DG × RPL (P ≥ 0.30), DG × Time (P ≥ 0.13), and RPL × Time (P ≥ 0.13) were removed from the model. 
5
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
6
Branched-chain AA (Ile, Leu, and Val). 
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Table 7.11. Effects of treatments on extraction efficiencies of essential amino acids 
 DG
1  
RPL
2 
 Time
3 
 P-values
4 
Item 15 30  Without With  1 2 SEM Level RPL Time 
Essential AA, %             
Arg 43.9 53.1  49.5 47.4  50.4 46.5 1.30 <0.01 0.33 0.08 
His 18.7 22.8  21.5 20.0  21.7 19.8 1.75 <0.01 0.15 0.06 
Ile 31.6 38.6  36.0 34.2  36.1 34.1 3.51 <0.01 0.35 0.33 
Leu 30.2 33.2  32.4 31.1  33.8 29.7 3.61 0.08 0.45 0.02 
Lys 49.4 60.7  56.9 53.2  56.5 53.6 2.51 <0.01 0.13 0.22 
Met 32.8 38.4  36.3 34.9  39.2 32.9 2.78 <0.01 0.49 <0.01 
Phe 36.1 39.5  37.6 38.0  40.0 35.7 2.93 0.06 0.84 0.02 
Thr 29.6 37.9  34.2 33.3  35.9 31.5 3.26 <0.01 0.62 0.02 
Trp 15.8 13.0  14.3 14.5  15.6 13.3 3.31 0.30 0.95 0.40 
Val 17.0 20.7  19.6 18.1  19.7 18.0 2.13 0.01 0.23 0.21 
TEAA
5
, % 28.6 33.1  31.5 30.2  32.5 29.2 2.89 <0.01 0.41 0.04 
BCAA
6
, % 24.8 29.1  27.7 26.2  28.2 25.7 2.96 <0.01 0.33 0.11 
1
Inclusion rate of low-fat distillers dried grains with solubles at either 15 or 30% of the diet DM. 
2
Rumen protected Lys. 
3
Sampling times: 1 = 1130 h and 2 = 2330 h. 
4
Interactions DG × RPL (P ≥ 0.72), DG × Time (P ≥ 0.15), and RPL × Time (P ≥ 0.27) were removed from the model. 
5
Total essential AA (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val). 
6
Branched-chain AA (Ile, Leu, and Val). 
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CHAPTER VIII 
Summary and conclusions 
 
 Inclusion of corn-ethanol coproducts in dairy diets is a common practice used to 
reduce the cost of producing milk. Expansion of the dry mill corn ethanol industry has 
resulted in an increased supply of the main coproduct of this process, distillers dried 
grains with solubles (DDGS). Compared to corn grain, DDGS have a lower ruminal 
degradation of CP  due to changes caused to the protein structure during fermentation and 
drying. Lactating cows have a high demand of metabolizable AA for milk protein 
synthesis that cannot be met by the supply of microbial CP generated in the rumen, thus, 
dairy rations need to include feedstuffs that can provide enough RUP to complement 
microbial CP. Based on quantity of RUP, DDGS are an attractive feedstuff for dairy cows; 
however, the quality of the RUP might limit its inclusion because the AA profile reveals 
that DDGS are low in Lys. Lysine represents around 16% of the total essential AA in 
milk, thus, feeding high amounts of feeds in which RUP content is low in Lys might limit 
milk protein synthesis. Dairy nutritionist tend to limit inclusion of DDGS to around 10% 
of the diet DM. However, a large amount of literature has shown that greater amounts of 
DDGS can be fed without negative effects on lactation responses. 
This research focused on evaluating the effects of feeding high amounts of DDGS 
without a gross oversupply of CP on milk yield and composition. In addition, 
supplementation of rumen protected Lys was evaluated as a strategy to improve the 
quality of the AA profile in DDGS. Plasma concentration of AA were used as a tool to  
evaluate the AA status of the cows. Results of this research showed that DDGS may be 
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included at 20% of the diet DM and supply enough amounts of Lys to maintain or even 
increase milk protein concentration and yield; however, a decrease in milk protein 
concentration was observed when DDGS were included at 30% of the diet DM which 
showed that at this high inclusion supply of metabolizable Lys is compromised. As 
inclusion of DDGS increases in the diet, the supply of other essential AA is affected. 
Based on plasma concentration, generally the supply of metabolizable His and Arg 
decreases while Leu, Met, and Phe increases. Supplementation of rumen protected Lys in 
diets containing 20% DDGS  resulted in no effects on milk protein concentration or 
plasma Lys while in diets containing 30% DDGS a tendency for an increase in milk 
protein concentration was observed. The latter suggests that supplementation of rumen 
protected Lys can be an effective strategy to supply limiting AA without an oversupply of 
CP; however, more accurate information is needed to understand the amounts of 
metabolizable Lys  that rumen protected products supply.  
 Despite the fact that plasma concentration of AA is used as a tool to evaluate 
supply of AA across diets and to rank limiting AA, limited information about the diurnal 
variation of plasma concentration of AA in lactating cows is available. Further research 
should be done to evaluate the latter as this could provide a better understanding of the 
accuracy of this tool to evaluate the AA status of the cow and may also provide a better 
understanding of adequate blood sampling times. 
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APPENDIX A 
SAS statements to conduct a meta-analysis  
 This code was adapted from: Invited Review: Integrating quantitative findings 
from multiple studies using mixed model methodology (St-Pierre, 2001) 
 
PROC MIXED DATA=Honduras; 
  CLASS Experiment; 
  MODEL Y = X /SOLUTION OUTPM=predmean OUTP=blup; 
  RANDOM Intercept X / SUBJECT=Experiment TYPE=UN SOLUTION; 
PROC PRINT DATA=predmean(OBS=10); 
PROC PRINT DATA=blup(OBS=10); 
RUN; 
 
DATA ForPlot; 
  MERGE predmean(RENAME=(pred=predmean resid=resmean))     
blup(RENAME=(pred=blup resid=resblup)); 
  Yadj = predmean+resblup; 
PROC GPLOT DATA=ForPlot; 
  PLOT Yadj*x predmean*x/OVERLAY; 
RUN; 
QUIT;  
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APPENDIX B 
NRC (2001) predictions for individual diets used in the meta-analysis developed in the literature to evaluate of DG and 
lactation 
    Predictions
1
 
Article Diet # DG
2 
Milk yield
2 
NEL milk MP milk Lys flow Met flow MP-Lys MP-Met 
Abdelqader et al. (2009) 1 13.5 35.2 40.2 37.6 194 63 5.82 1.88 
 2 16.3 34.0 37.3 36.3 188 61 5.77 1.87 
 3 16.3 34.7 38.2 36.0 182 59 5.80 1.88 
 4 30.0 35.8 39.6 39.0 188 64 5.55 1.88 
Al-Suwaiegh et al. (2002) 5 15.0 33.3 41.3 41.2 205 64 5.92 1.84 
 6 15.0 33.0 44.5 45.0 215 67 5.86 1.83 
Anderson et al. (2006) 7 0.0 39.8 39.8 34.8 194 56 6.54 1.89 
 8 10.0 40.9 39.2 36.9 183 57 6.11 1.91 
 9 10.0 42.5 37.5 35.4 185 58 6.09 1.90 
 10 20.0 42.5 38.6 37.0 177 59 5.72 1.92 
 11 20.0 43.5 36.8 35.9 173 58 5.71 1.92 
Birkelo et al. (2004) 12 0.0 30.7 36.4 34.6 188 53 6.51 1.85 
 13 31.2 30.8 31.9 41.1 159 57 5.17 1.84 
Carvalho et al. (2006) 14 0.0 33.7 33.0 31.4 170 50 6.22 1.82 
 15 6.9 34.4 33.8 33.9 163 51 5.94 1.86 
 16 13.8 33.1 34.8 33.7 155 52 5.63 1.90 
Christen et al. (2010) 17 0.0 31.7 35.9 30.1 195 55 6.75 1.91 
 18 12.0 31.2 36.3 31.5 180 60 5.83 1.95 
 19 21.2 32.7 36.4 32.5 176 59 5.81 1.95 
Gehman and Kononoff (2010) 20 0.0 28.5 34.9 35.7 194 53 6.48 1.77 
 21 0.0 29.4 39.0 38.4 210 59 6.43 1.79 
 22 25.2 31.5 42.2 45.5 209 66 5.64 1.78 
 23 25.2 32.4 42.3 44.9 210 67 5.63 1.80 
Greter et al. (2008) 24 21.4 31.5 37.7 32.5 169 55 5.68 1.87 
Hubbard et al. (2009) 25 0.0 31.6 34.5 35.1 193 53 6.55 1.78 
 26 20.0 33.4 31.6 37.2 167 57 5.41 1.84 
Janicek et al. (2008) 27 0.0 27.4 34.4 31.8 190 57 6.69 2.07 
 
 
 
 
1
9
1
 
 28 0.0 33.2 38.2 36.8 203 61 6.64 2.05 
 29 30.1 30.6 41.5 43.0 205 72 5.62 2.02 
 30 30.1 34.2 42.8 48.5 210 74 5.48 1.99 
Kelzer et al. (2009) 31 0.0 30.6 37.4 39.2 202 56 6.46 1.78 
 32 0.0 26.9 46.4 43.0 237 66 6.40 1.77 
 33 14.4 30.3 43.9 36.9 175 58 5.67 1.87 
 34 14.4 28.0 42.1 39.7 197 65 5.63 1.85 
 35 15.0 30.9 39.2 43.2 203 62 5.91 1.79 
 36 15.0 28.9 46.5 45.4 222 68 5.88 1.78 
Kleinschmit et al. (2006) 37 0.0 31.2 33.1 29.4 178 51 6.58 1.89 
 38 20.0 35.0 33.2 31.9 163 54 5.80 1.92 
 39 20.0 34.3 34.0 31.5 165 54 5.80 1.92 
 40 20.0 34.6 32.7 31.8 163 54 5.78 1.92 
Kleinschmit et al. (2007) 41 15.0 26.5 34.3 29.6 168 55 5.96 1.96 
 42 15.0 28.4 40.3 34.5 193 62 5.98 1.93 
 43 15.0 29.0 33.3 28.7 169 53 6.20 1.95 
Leonardi et al. (2005) 44 0.0 44.6 45.0 43.6 243 67 6.59 1.83 
 45 5.0 43.8 45.2 45.3 235 67 6.45 1.86 
 46 10.1 46.4 46.7 43.2 234 69 6.28 1.88 
 47 15.0 46.2 46.9 42.8 227 69 6.13 1.90 
Mjoun et al. (2010) 48 0.0 34.5 38.7 42.6 212 58 6.43 1.75 
 49 10.0 34.8 37.3 42.6 203 59 6.12 1.78 
 50 20.0 35.5 38.0 41.0 197 62 5.77 1.80 
 51 30.0 35.2 33.6 39.1 174 59 5.44 1.83 
Mjoun et al. (2010) 52 0.0 39.2 42.5 46.1 225 62 6.55 1.79 
 53 20.0 39.8 41.4 43.9 198 65 5.74 1.88 
 54 22.0 38.9 43.8 44.8 200 66 5.74 1.88 
Mulrooney et al. (2009) 55 0.0 35.2 40.4 31.6 193 59 6.59 2.03 
 56 3.2 35.8 39.5 32.2 190 60 6.40 2.01 
 57 6.6 34.5 40.7 33.1 189 61 6.19 2.00 
 58 10.4 34.3 39.9 33.1 180 59 6.01 1.98 
Paz et al. (2013) 59 0.0 30.1 38.1 35.7 209 72 6.54 2.36 
 60 10.0 30.2 40.7 36.0 203 76 6.14 2.41 
 61 19.9 31.8 40.8 37.5 197 78 5.80 2.39 
 
 
 
 
1
9
2
 
Penner et al. (2009) 62 0.0 38.5 43.3 37.9 202 60 6.35 1.88 
 63 10.1 39.2 44.7 40.4 200 63 5.93 1.88 
Ramirez et al. (2012) 64 0.0 30.4 38.1 38.5 207 57 6.49 1.78 
 65 0.0 30.1 39.6 41.1 218 60 6.42 1.77 
 66 29.2 30.4 46.6 45.3 212 69 5.57 1.79 
 67 29.2 31.6 51.0 47.8 222 72 5.52 1.78 
Ranathunga et al. (2010) 68 0.0 39.4 46.6 44.4 222 63 6.37 1.80 
 69 7.0 37.4 45.2 43.0 212 63 6.21 1.83 
 70 14.0 37.7 41.7 38.8 194 60 6.07 1.87 
 71 21.0 38.3 41.0 37.8 183 59 5.87 1.91 
Robinson et al. (2011) 72 10.7 48.0 50.1 45.0 219 69 6.15 1.93 
 73 10.7 38.3 47.3 39.1 214 67 6.17 1.94 
Sasikala-Appukuttan et al. 
(2008) 
74 0.0 33.8 36.1 30.3 171 49 6.67 1.93 
 75 18.5 36.2 38.9 33.8 165 55 5.87 1.95 
 76 18.5 36.0 40.9 35.3 166 56 5.72 1.94 
Swanepoel et al. (2010) 77 9.9 53.2 54.1 50.5 230 73 6.00 1.90 
 78 9.9 41.8 51.8 45.7 233 74 6.99 1.90 
Zhang et al. (2010) 79 0.0 33.0 35.2 33.9 164 57 5.62 1.98 
 80 20.1 36.4 45.5 41.2 195 65 5.56 1.85 
 81 20.1 34.7 37.7 37.4 175 59 5.49 1.84 
1
NEL and MP milk = NEL and MP allowable milk (kg/d), respectively; Lys and Met flow = Lys and Met flow to the small intestine (g/d), 
respectively; MP-Lys and MP-Met = Lys and Met concentration in MP, respectively. 
2
DG = corn milling coproduct, distillers grains and solubles; milk yield in kg/d.  
193 
 
 
 
APPENDIX C 
In situ and mobile bag procedures 
Supplies 
1. Ankom bags (5 cm × 10 cm (# R510), 50 µm pore size). 
2. Ankom heat sealer  
3. Nylon mesh bags (36 × 42 cm) 
4. 100 g weights  
 
Animals 
1. Have animals on desired diet at least 3 days prior to the start of the trial. If the previous 
diet is not similar to the one that will be fed, then allow seven days for diet adaptation. 
 
Sample preparation 
1. Grind sample to pass through a 2 mm screen. 
2. Freeze dry samples. 
 
Procedure 
 
Bags preparation 
1. Label the lower portion of the Ankom bags with a simple code or number using a 
Sharpie (permanent marker).  
2. Obtain the weight of the empty labeled Ankom bags. 
3. Weigh out 1-2 g of ground sample into the Ankom bags. 
4. Seal the Ankom bags completely with the Ankom heat sealer and check seals by gently 
pulling the bag sides apart. 
a. Place upper portion of the bag on sealer strip leaving 1-2 cm of space 
b. Hold down arm of heat sealer firmly so that a red light illuminates 
c. Once red light goes off, wait at least 3 seconds before releasing the arm 
d. Gently remove bag and repeat to add a second seal below the first one 
e. It is important that the bags are properly sealed to avoid the loss of sample. 
Sample can be trapped between seals if the second seal is not properly closed 
5. Place up to 50 Ankom bags and a weight (100 g) into each mesh bag. 
 
Rumen incubation 
1. Insert up to 6 mesh bags containing Ankom bags into the ventral sac of the rumen of 
each cow and incubate for 16 h.  
2. After incubation, remove all mesh bags from the cows. 
3. Remove Ankom bags from the mesh bags and wash all Ankom bags in a washing 
machine and the mesh bags in the sink. 
 a. Washing machine: Five sets of 1 min agitation and 2 minutes spinning 
3. After washing, a set of samples (hereafter rumen bags) from each cow will be 
immediately frozen (-20°C) and the remaining bags (hereafter mobile bags) will 
immediately proceed to the HCL/pepsin incubation to simulate abomasal digestion. 
Freeze the mobile bag set if not proceeding to the HCL/pesin incubation. 
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Pepsin/HCl incubation 
1. Incubate mobile bags in a pepsin and HCl solution (1 g of pepsin/L of 0.01 N HCl) for 
3 h in a 39°C water bath to simulate abomasal digestion and stir the solution with mobile 
bags once every 15 min. 
 a. 0.01 N HCl = 0.825 mL HCl in 1 L of distilled water 
 b. Make the pepsin/HCl solution the same day of incubation 
2. After the pepsin/HCl incubation, rinse the mobile bags with distilled water to force all 
remaining residue to the bottom and then roll upper portion of the bag. After all mobile 
bags have been rinsed and rolled, proceed to insertion into the duodenum if not freeze 
mobile bags until insertion into the duodenum. 
  
Intestinal incubation 
1. Tightly roll mobile bags and insert them into the duodenum via the duodenal fistula at 
a rate of 1 bag every 5 min. 
 a. If bags are not flowing with the duodenal contents: 
 Duodenal flow might not be adequate to move the mobile bag. Assess 
if more time is needed for some bags to flow. 
 Check the orientation of the cannula. T-shaped cannulas might be 
positioned vertically and mobile bags might not flow with the 
duodenal contents. Push the mobile bags as far as possible in the 
direction the duodenal contents are flowing without damaging the 
duodenal epithelium.   
2. In the morning of the following day, collect excreted bags. Continue to check for bags 
every hour. After 24 hour from the insertion into the duodenum, bags are to be discarded 
if not recovered. 
 a. Transit time 8 to 18 h.  
4. Rinse collected bags with cold water to remove fecal material and then immediately 
freeze (-20°C) the bags. 
 a. Do not use too much pressure since this could result in particles leaving the bag 
and sample will be lost. 
 
Chemical composition analysis 
1. Thaw both rumen and mobile bags. 
2. Wash mobile bags in a washing machine. 
 a. Washing machine: Five sets of 1 min agitation and 2 minutes spinning 
3. Rinse bags to force all remaining residue to the bottom and roll top portion. 
3. Dry bags in a 100°C oven for 12 h. 
4. After drying, allow bags to air equilibrate to room conditions for 3 hours and then 
weigh bags. 
5. Proceed to chemical analyses.  
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APPENDIX D 
Feedstuffs used for the in situ and mobile bag procedures 
  
  
  
 
 
 
Canola meal 
Soybean meal 
Blood meal #1 Blood meal #2 
Blood meal #3 
Low-fat DDGS 
Expeller soybean meal 
